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Abstract

MESENCEPHALIC REGULATION OF EVOKED INHIBITION 

IN THE CAT’S VISUAL CORTEXt 

An e x tra c e llu la r  study

by

Isab e lle  A lte r  

Advisort Professor UJilliam S. Battersby

E a r lie r  microelectrode studies have shown both fa c i l i ta to r y  and 

in h ib ito ry  e ffec ts  on evoked responses in  units of the visual cortex 

follow ing ac tiv a tio n  of the mesencephalic re tic u la r  formation (MRF). 

Despite these observations, the conclusion drawn in  the l i te r a tu r e  has 

been th a t the MRF's e ffe c t  on the c o r t ic a l neuron's responsiveness is  

in  the main fa c i l i ta to r y .  ThoBB investigators  who reported both fa c i­

l i t a t io n  and in h ib it io n  of the c o r t ic a l u n it 's  response generally  ob­

served the two e ffec ts  in  d if fe re n t  u n its . Hence they ascribed the 

opposing MRF influences to the type of c o r t ic a l u n it encountered, or 

i ts  locus, thus depriving the MRF of a causal ro le  in  the nature of 

the e ffe c t  produced. Furthermore, since the presence of spike d is ­

charges is  more conspicuous in  the e x tra c e llu la r  record than iB th e ir  

abBence, the e xc ita to ry  response to input has been the foca l object of 

in ves tig a tio n . Yet i t  has been known for some time th a t in h ib ito ry  

mechanisms are in tim a te ly  involved in  the neural coding of in p u t. I t  

is  moat u n like ly  th a t the MRF would in fluence the ex c ita to ry  a c t iv ity  

of the neuron without concomitantly in fluencing  i ts  in h ib ito ry  counter­

p a rt.

This study was designed to assess the e ffe c ts  -  in  the acute, 

fla x e d ilize d  cat -  of MRF a c tiv a tio n  on the in h ib ito ry  portion of the
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evoked response in  units of the v isua l cortex . Through in tra c e llu la r  

recordingf L i e t a l .  (1960) demonstrated that the periods of spike sup­

pression observed in  neurons of thB visual cortex fo llow ing a shock to 

the la te r a l geniculate body (LGB) were associated w ith  membrane hyper­

p o la riza tio n . Hence an a lte ra t io n  of the duration of LGB-induced spike 

suppression would re f le c t  the MRF's influence on in h ib ito ry  mechanisms 

in  cortex.

□ur resu lts  demonstrated th a t MRF a c tiv a tio n  w i l l  system atically  

c u r ta il  or prolong the duration of suppression in  c o r tic a l units as a 

function of (1 ) the MRF-LGB in te rv a l;  (2 ) the in te n s ity  of the MRF 

t ra in ;  (3 ) the in te n s ity  of the LGB te s t shock. Short in terstim ulus  

in te rv a ls  and h ig h -in ten s ity  MRF tra in s  contracted the in h ib ito ry  

period, while the longer in te rv a ls  and weaker MRF tra in s  prolonged i t .  

Prolongation of suppression by the MRF was much more pronounced w ith  

weak tes t shocks, w hile reduction o f in h ib it io n  was the more marked 

e ffe c t a t  higher test-shock in te n s it ie s . In  several u n its , v ir tu a lly  

id e n tic a l resu lts  -  when the in terstim ulus in te rv a l was varied -  were 

obtained w ith conditioning in  the superior c o llic u lu s  (SC) when e ith e r  

a te s t shock to LGB or a photic te s t stimulus was administered.

The conclusion was drawn th a t the fa c i l i ta to r y  e ffe c ts  observed 

a t the short in te rv a ls  and w ith  intense MRF tra in s  could very l ik e ly  

be explained by a superposition of the in d iv id u a l responses to the con­

d itio n in g  and te s t s t im u li. On the other hand, the prolongation of 

in h ib it io n  a t longer MRF-test stimulus delays and w ith weaker MRF tra in s  

could not read ily  be explained by a simple superposition. This datum 

ostensibly reveals an in te ra c tio n  o f the two inputs a t  some point en 

route to  cortex or w ith in  cortex i t s e l f  -  an in te ra c tio n  s ignalled  by
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a tra n s itio n a l in te rv a l where a high degree of response v a r ia b il i ty  

was noted.

In  sum, the orderliness of our findings suggests th a t, in  s e le c t­

ing evoked in h ib it io n  as our dependent v a riab le , we have located the 

c o rtic a l mechanism most susceptible to MRF regu la tio n . The MRF's 

signal contribution to c o rtic a l function may reside in  i ts  regulation  

of c o r t ic a l in h ib it io n .
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INTRODUCTION

The existence of in h ib ito ry  processes in  cortex was deemed 

essen tia l even p rio r to i t s  substantia tio n . Given the high degree of 

interconnection in  i t s  networks, the cortex would undoubtedly

go in to  o s c illa t io n  w ithout the in terven tion  of some kind of dampening 

mechanism (see e .g . FesBard, 1961f Jung, 1961 ) .  As the contributions  

made by in h ib ito ry  mechanisms to c o r tic a l function were conceived and 

elaborated over the years -  in  receptive f ie ld  organization and con­

tra s t  enhancement, fo r  example -  a concurrent in te re s t developed in  

the dynamic properties of c o r tic a l neurons. Investigations were con­

ducted on neuronal behaviour in  various brain s ta tes , during sleep 

and waking and the tra n s it io n  between these. Contrary to expectation, 

waking was often  associated w ith  a reduction in  neuronal a c t iv ity  (e .g . 

Everts, 1961). Despite the growing recognition that wakefulness and 

a preponderance of ex c ita to ry  a c t iv ity  are not necessarily linked , the 

expectation has persisted th a t c o r t ic a l a c tiv a tio n  is  in  fa c t accompa**' 

nied by a heightened e x c ita b i l i ty  in  i t s  neuronal elements. That per­

sistence seems p r in c ip a lly  to be due to the resultB of numerous micro­

electrode in vestig ations  showing a predominantly fa c i l i ta to r y  e ffe c t  on 

c o r t ic a l c e lls  fo llow ing mesencephalic re tic u la r  (MRF) a c tiv a tio n .

The MRF has long been known to govern e le c tro c o rtic a l a c tiv a tio n  (Mor- 

uzzi and fflagoun, 1949). These stud ies , however, have generally employed 

the e x tra c e llu la r  recording technique. This has led to an in ev itab le  

emphasis on the e x c ita to ry  aspect o f the neuron's a c t iv ity  since what 

is  d ire c t ly  v is ib le  in  the e x tra c e llu la r  record are neuronal spikes. 

Hence MRF a c tiv a tio n  was seen to enhance or attenuate the maintained or
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evoked exc ita to ry  dischargee in  cortex while i t s  influence on in h ib i­

tory  processes as such -  which are not read ily  d iscern ib le  in  the ex­

tra c e llu la r  record -  was disregarded or only te n ta tiv e ly  in fe rre d .

Once the existence of endogenous in h ib ito ry  mechanisms in  cortex  

is  granted, a heightened c o rtic a l e x c ita b il i ty  would e ith e r encompass 

a l l  of i ts  elements (including i t s  in h ib ito ry  neurons) or, less l ik e ly ,  

some selected subset (e .g . the exc ita to ry  neurons a lone). While a 

number of studies employing MRF a c tiv a tio n  have demonstrated a decline  

in  the maintained discharge frequency of a substantia l proportion of 

c o rt ic a l neurons, suggesting some in h ib ito ry  in fluence, the p rin c ip a l 

observation fo r evoked a c t iv ity  has been reported to be exc ita to ry  (see 

next section ) .  I t  is  in  th is  very domain (regarding evoked a c t iv i ty ) ,  

however, in  the analysis of input or sensory coding, that in h ib ito ry  

mechanisms are thought to play a c ru c ia l ro le -  as in  la te r a l in h ib it io n . 

I t  is  d i f f i c u l t  to-conceive that hlRF ac tiv a tio n  would regulate the exci­

ta to ry  portion of the c o rtic a l u n it*s  response w ithout concomitantly 

modifying i t s  in h ib ito ry  counterpart.

In tra c e llu la r  recording fo r any length of tim e, p a rt ic u la r ly  in  

the granular cortex of the unrestrained animal, has been s in g u la rly  

d i f f ic u l t  to  implement, thus hindering a d e ta iled  assessment o f the 

dynamic properties of in h ib ito ry  function in  the v isua l cortex. A 

means of circumventing some of thB problems of in tra c e llu la r  recording 

has been ava ilab le  fo r some time, however, in  the corre lations  estab­

lished between spike suppression and in h ib ito ry  postsynaptic po ten tia ls  

(IPSPs) fo r some c o rtic a l responses. Tasaki e t a l. (1954) and la te r  

Li e t  a l. (1960), fo r example, have demonstrated th a t the spike sup­

pression e lic ite d  in  v isual cortex by e le c tr ic a l s tim ula tio n  o f v isual
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a ffe re n ts  is  re lia b ly  correlated  w ith  membrane hyperpolarization .

Any m odification of the e x tra c e llu la r ly  monitored spike suppression 

would thus very l ik e ly  r e f le c t  changes in  the underlying p o la riza tio n  

of the c e l l .  I t  is  thereby possible to evaluate the MRF's e ffe c t iv e ­

ness in  a lte r in g  in h ib ito ry  a c t iv ity  in  the v isua l cortex by moni­

to rin g  i t s  influence on an already present depression in  spike d is ­

charge.

The v u ln e ra b ility  of in h ib ito ry  mechanisms to a lte ra tio n s  

associated with e le c tro c o rtic a l arousal has hardly been explored. 

Non-sensory influences are known to a ffe c t  sensory processing. To 

the extent that in h ib it io n  is  thought to p a rtic ip a te  in  mechanisms 

of sensory acu ity* d iscrim inative  function* and the lik e *  i t  must 

be subject to influences exerted by varying brain  s ta tes . This 

study was designed to assess the e ffec ts  of MRF ac tiv a tio n  on the 

evoked suppression of spike discharges in  the v isua l cortex of the 

acute c a t.
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REVIEW OF THE LITERATURE

Analyses of MRF Influence on both slow and m lcropotentlals began 

concurrently in  the la te  f i f t i e s  and had s im ila r  aimst an exploration  

of the ways in  which MRF a c tiv a tio n  a lte red  c o r tic a l e x c ita b i l i ty .  The 

i n i t i a l  u n it studies had as an add ition a l aim the demonstration o f con­

vergence of 'nonspecific* and 's p e c ific *  influences on the same c o rtic a l 

neuron. ThB in vestig ations  employing the gross p o te n tia l technique 

provided the basis fo r Bremer's highly in f lu e n t ia l  explanation of the 

MRF's e ffec ts  on cortex. Hie view established the framework fo r the 

conclusions drawn from many of thB u n it studies conducted on the sub­

je c t .  A b r ie f  exposition* therefore* o f the early  resu lts  derived from 

gross p o te n tia l studies* as w e ll as o f Bremer's explanation* w i l l  ba 

presented p rio r to a description of the MRF's in fluence on sing le  neu­

rons in  the v isua l cortex.

The MRF and Visual fflacroootentlals

For the v isu a l system of the cat* i t  waB early  established that 

while MRF conditioning depressed the amplitude of c o r t ic a l macropoten- 

t ia ls  e l ic ite d  by photic ( 'p e r ip h e ra l')  s tim u li*  i t  enhanced the ampli­

tude o f p o ten tia ls  evoked by e le c tr ic a l ( 'c e n t r a l ')  s tim ulation  o f thB 

a ffe re n t pathways (Bremer and Stoupel* 195BJ Dumont and D e ll*  1960). 

Gauthier e t  a l .  (1956) had f i r s t  reported th is  contrasting e ffe c t  fo r the 

somatosensory evoked p o te n tia l. Bremer regarded th is  finding as “An 

important advance in  the understanding of ra tic u lo c o rt ic a l arousal . . . “ 

(1961a, pp. 34-35) because* given the p o ten tia tio n  of the e le c tr ic a l ly  

evoked response* he thought th a t the depression of the response to the



5

photic stimulus could also be explained in  terms of f a c i l i ta t io n  -  

namely, by a process of occlusion o f the fa c i l i ta to r y  processi

At the present stage o f the problem, i t  ie  perhaps p re fe r­
able to look fo r an explanation which would not require the pos­
tu la te  o f two fundamentally opposed e ffec ts  o f re tic u la r  arousal 
on the operations o f the brain  cortex and, c o rre la t iv e ly , of two 
antagonistic  categories of rs tic u lo c o rtic a l f ib re s , Ule think  
th a t the suppressive e ffe c t  on the responses to volleys o f impul­
ses emitted from periphera l receptors can be explained by the 
predominance, in  th is  case, of a process of occlusion on the fa ­
c i l i t a to r y  process. C o rtic a l interneurones weakly activated  by 
the dispersed a ffe re n t impulses emitted from receptors would be 
blocked as a re s u lt o f th e ir  supralim inal ac tiv a tio n  by the re -  
t lc u lo c o rt ic a l impulses. The denser (b e tte r  synchronized) vo l­
leys evoked by "cen tra l"  s tim u li should overcome the re la t iv e  re ­
fractoriness  o f these interneurones. Thus, the c o rtic a l units 
already responding in  the contro l response should s t i l l  be a c t i ­
vated by the s p e c ific  impulses. The addition  o f th e ir  contingent 
to the neurones recru ited  in  the sublim inal fr in g e  should re s u lt  
in  the o v e ra ll p o ten tia tio n  o f the response. (Bremer, 1961^ pp. 
4 2 -4 3 .)

Since Bremer's view did gain great currency, i t  must bs understood th a t 

although he himself had s tip u la ted  th a t "An active  in h ib it io n  mechanism 

a t  the c o r t ic a l le v e l cannot be excluded" (1961^ p. 4 2 ), his preference 

resided in  other explanations. Sparse evidence for in tra c o r t ic a l in h i­

b ito ry  processes existed a t the time of Bremer's w ritin g  (but see Tasa- 

k i e t a l . ,  1954), and i t  did not s a tis fy  him.

Bremer's view d icta ted  an in te rp re ta tio n  of a lte ra tio n s  in  evoked 

p o ten tia l amplitudes which is  not tenable once in h ib ito ry  processes are 

admitted in to  the p ic tu re . For i f  changes in  e xc ita to ry  processes are 

alone responsible fo r the amplitude s h if ts , then a unidimensional quan­

t i t a t iv e  description is  appropriate -  namely, increased neuronal a c t i ­

v ity  w i l l  generate a la rg e r wave, and vice versa. But the in troduction  

o f in h ib ito ry  action w i l l  not brook such equations. The study of the 

amplitude o f evoked p o ten tia ls  presents a host of serious problems for 

in te rp re ta tio n  (e .g . ,  see C rsu tzfe ld t e t  a l . ,  1969) MacKay, 1969) MacKay
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and J e ffre y s , 1973). Gross evoked p o ten tia ls  are thought la rg e ly  to 

r e f le c t  the a c t iv ity  of graded neuronal p o ten tia ls  whose sign, however, 

is  not re a d ily  ascerta inable through surface recording. Thus a modi­

f ic a t io n  of the amplitudes of gross p o ten tia ls  re fle c ts  less about the 

properties of neuronal e x c ita b il i ty  and transmission than is  often  

ascribed to i t .

Although the in te rp re ta tio n  of a lte ra tio n s  in  evoked po ten tia ls  

is  complicated by the recognition of in tra c o r t ic a l in h ib ito ry  a c t iv ity ,  

the need to postulate two antagonistic  categories of re tic u lo c o rt ic a l in ­

fluences Js unwansnted. fo r a re t ic u la r  a c tiv a tio n  of a l l  c o rtic a l neu­

rons would f a c i l i t a t e  the a c t iv ity  of both Bxcitatory and in h ib ito ry  

units and hence an a c tiv a tin g  process can re a d ily  generate an in h ib i­

tory e f fe c t .

Bremer's form ulation has tended to  d iv e rt a tte n tio n  from a pos­

s ib ly  c ru c ia l component of re tic u lo c o rt ic a l a c tiv a tio n , fo r i f  in h i­

b ito ry  function is  required fo r c o r tic a l inform ation processing (a 

point hardly worth belabouring today) and also happens to have a higher 

e x c ita b il i ty  threshold, as i t  does (see below), then MRf a c tiv a tio n  

may serve the primary function of bringing in h ib ito ry  processes in to  

play. The next section elaborates on these points.

C o rtica l In h ib it io n  and the MRf

While there is  no question, by now, o f in h ib it io n  occurring w ith in  

the cortex, the existence o f in tra c o r t ic a l in h ib ito ry  neurons -  th a t is ,  

of in h ib it io n  generated by in t r in s ic  as vs. e x trin s ic  units -  has been 

somewhat co n tro vers ia l, the weight of the evidence of the la s t  few years 

tending to favour th e ir  presence. The evidence stems from both physio-
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lo g ic a l and anatomical sources.

The physiological argument emphasizes the latency differences  

fo r c o r t ic a l e xc ita to ry  and in h ib ito ry  postsynaptic po ten tia ls  (EPSPs 

and IPSPs) generated by input. The in h ib ito ry  processes are usually  

delayed, in d ica tin g  the existence of an in terpo la ted  synapse (e .g . ,  

C reu tzfe ld t e t a l . ,  1969; Toyama e t  a l . ,  1974; Watanabs e t  a l . ,  1966). 

Furthermore, IPSPs have been recorded in  an undercut cortex (C re u tz fe ld t 

e t  a l . ,  1966) and therefore could only have been e lic ite d  in tra c o r t ic a lly .

The anatomical evidence rests  la rg e ly  on the assumption that d i f ­

fe re n t types of synaptic configurations subserve excita to ry  and in h ib i­

tory functions. The 'asymmetrical* va rie ty  o f membrane thickenings a t  

the synapse, fo r example, when associated w ith  spherical vesic les, is  

thought to mediate e xc ita to ry  function; w hile the other type of synaptic  

contact, the 'sym m etrical' va rie ty  w ith fla tte n e d  vesic les, is  presumed 

to have in h ib ito ry  properties (Gray, 1959; Uchlzono, 1965). I f  th is  as­

sumption is  co rrec t, then a l l  e x trin s ic  influences upon the c o r tic a l re ­

ceiv ing areas should be ex c ita to ry  since a l l  of the synaptic contacts 

formed by incoming fib ers  ore apparently of the asymmetric varie ty  (see 

Garey and Powell, 1971, fo r the visual system; and Jones and Powell, 1973). 

In h ib it io n  would therefore have to be mediated by in tra c o r t ic a l neurons. 

Furthermore, the existence in  cortex of neurons of a p a rtic u la r morpho­

lo g ic a l type (e .g . basket c e l ls ) ,  whose in h ib ito ry  properties have been 

ascertained in  other structures ( in  cerebellum and hippocampus, fo r  exam­

p le ) ,  suggests th a t they may perform the same function in  cortex.

In h ib ito ry  e ffec ts  o ften  appear td> have higher thresholds than 

th e ir  exc ita to ry  counterparts (von Bekesy, 1967). I f  th is  were so in  

cortex as w e ll, any d iffu se  a c tiv a tin g  process
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would then serve to maximize the expression of in h ib ito ry  action  in  

cortex.

The in h ib ito ry  mechanism /tr ig g e re d  by an e le c tr ic a l stimulus to  
cortBx j  could be evoked more re ad ily  in  c o r tic a l neurones of in ­
creased e x c ita b il i ty  than in  neurones of 'norm al' e x c ita b il i ty  .
* . I t  had a higher threahold and a longer latency than the ex­
c ita to ry  mechanism* but once set in  motion i t  was more powerful 
than the e xc ita to ry  mechanism. (L i and Chou* 1962* p. 15)

That increased e x c ita b il i ty  is  in  fa c t necessary to in i t ia t e  the expres­

sion o f in h ib ito ry  mechanisms makes immediately evident that the a c tiv a ­

tio n  o f a s tructu re  such B3 the MRF, thought to be responsible fo r in ­

creased c o rtic a l e x c ita b il i ty *  would be most e ffe c tiv e  in  accomplishing 

th is  function .

The MRF and Visual W lcropotentialsi E x tra c e llu la r  Recording

The experimental h is to ry  of the MRF's influence on neurons in  the 

visual cortex c losely  mirrors the th eo re tic a l predilections and the tech­

n ic a l lim ita tio n s  of the times. The predominantly chronological survey 

which follows w i l l  show th a t the early  studies emphasized the f a c i l i t a ­

tory e ffe c t  of MRF a c tiv a tio n . They were followed by a group of reports  

which demonstrated the MRF's dual capacity fo r in h ib itin g  the a c t iv ity  

of some units and fa c i l i ta t in g  i t  in  others. An unusual report (Skre- 

bitsky* 1969) revealed a predominantly in h ib ito ry  in fluence. F in a lly *  

the most recent investigations (B a r t le t t  and Doty* 1974r fo r example)' 

have come f u l l  c irc le  in  concluding th a t the MRF's influence on c o rtic a l  

units is  la rg e ly  fa c i l i ta to r y .

In  a review of the work* Brooks and Jung (1973) thought the d iscre­

pancies could . . be explained e ith e r  by species differences or by in ­

clusion of g en icu lo -c o rtlca l fib res  in  the early  work in  the cat* since 

Skrebitsky found predominant fa c i l i ta t io n  a fte r  re tic u la r  s tim u latio n  in



LGB-neurones in  the ra b b it"  (p . 405), They ignored d ifferences in  type of 

preparation usedt Skreb itsky's animals were chronic w hile most o f the ear­

l i e r  preparations had been acute. They also ignored possible d ifferences  

in  stimulus parameters as w ell as the p a rtic u la r  dependent variab le  chosen 

fo r study. Both type of preparation and stimulus parameters are germane 

to the question o f the anim al's general cond ition, that is ,  to i t s  brain  

s ta te  or 'le v e l o f a ro u sa l,* whose in tim ate  re la tio n  to MRF function has 

been recognized fo r some tim e. Skrebitsky, fo r Bxample, had used an tvftF 

stimulus of low in te n s ity , a parameter o f some import as we s h a ll demon­

s tra te , one whose values were l e f t  unspecified  in  many of the studies a t

iSSUB.

The dependent variab les examined in  these studies were e ith e r  the 

maintained discharge of c o r t ic a l un its  or the spike discharges e lic ite d  

by e le c tr ic a l or photic in p u t. For the la t t e r ,  the e ffec ts  on the e x c ita ­

tory response, that is ,  on the i n i t i a l  discharge to the stimulus (a t what­

ever latency i t  occurred), were evaluated. (N a rik a s h v ili e t a l . ,  1965, 

were the exception -  in  having explored several aspects of the u n it 's  res­

ponse -  see la t e r ) .  L i t t le  or no a tte n tio n  was consequently paid to the 

e ffec ts  of MRF a c tiv a tio n  on c o rtic a l in h ib it io n . This was possibly due 

to the s c a rc ity  of computers (as w ell as to the th e o re tic a l preconceptions 

noted)t spike suppression is  d i f f i c u l t  to detect as such, p a r t ic u la r ly  

when the u n it 's  maintained a c t iv ity  is  low, w ithout some means of data 

summation. This lack accounts a t  le a s t in  p art fo r the emphasis on the 

MRF's in fluence on exc ita to ry  processes when recording is  conducted with  

the e x tra c e llu la r  method.

The fo llow ing exposition w i l l  be re s tr ic te d  to those studies in  

which the e ffe c ts  o f MRF-induced arousal were in vestig ated . Most studies
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dealing w ith the re la ted  questions o f 'sensory* and thalam ically-induced  

arousal w i l l  not be included as they provide l i t t l e  ad d itio n s l c l a r i f i ­

ca tion  on the m atter. Among the e a r l ie s t  demonstrations o f MRF and sen­

sory convergence on sing le  neurons in  the v isual cortex of the cat (the  

animal most commonly used) were thosB of Jung and his collaborators in  

the 1950s ( c ite d  in  Jung* 1961). I t  must be noted th a t the

demonstration of convergence was functional* and th a t no conclusions 

about monosynaptic input from the MRF could be drawn from these f in d ­

ings.

Having id e n t if ie d  several species o f neurons 

in  Area 17 of the ca t on the basis o f th e ir  responses to d iffu se  i l l u ­

mination* these in vestig ato rs  proceeded to categorize the e ffec ts  of 

in tra lam in ar thalam ic and re t ic u la r  s tim u latio n  on c o r t ic a l neurons.

They found th a t w hile a c tiv a tio n  o f these 'non -sp ecific * e x tra -v is u a l 

structures did not a lte r  the character of v isua l neuronal responses to 

l ig h t*  i t  did f a c i l i t a t e  the neurons' responsiveness to photic s t im u li; 

th a t is ,  the neurons could be more strongly or e a s ily  driven by l ig h t  

(C re u tz fe ld t and Akimoto* 1957-6; Akimoto and C reu tzfe ld t* 1957-B; c ited  

by Jung* 1961). While r e t ic u la r  s tim u la tio n  was predominantly f a c i l i ­

ta to ry * i t  could produce in h ib ito ry  e ffe c ts * the main such e ffe c t  being 

the d isrup tion  o f the neuronal CFF (Jung* 1961 ) .  No fu rth e r work on 

the subject was ev idently  carried  out in  Jung's laboratory since the ear­

ly  s ix t ie s  as* in  the overview co-authored w ith Brooks (1973)* Jung re lie d  

heavily  on the evidence furnished by C reu tzfe ld t and Akimoto which was 

published in * among other sources* the Freiburg symposium of 1961. The 

fo llow ing are the key findings reported by these in ves tig a to rs i

C reu tzfe ld t e t  a l . (1961) investigated  the e ffe c ts  o f MRF condi-



tio n in g  on the response to op tic  tra c t  s tim u li in  the v isual cortex of 

encephala is o le  cats . They f i r s t  noted th a t shocks to the optic  tra c t  

produced several d if fe re n t  response patterns in  cortex* the m ajority  of 

units  responding w ith a short-le tency  and highly re lia b le  spike discharge. 

MRF conditioning was fallowed by fa c i l i ta t io n  of th is  discharge. V ari­

a tio n  of the MRF-optic tra c t  stimulus in te rv a ls  showed th a t the f a c i l i ­

ta tio n  lasted as long as 300-500 msec a f te r  the end of the MRF t r a in .

The e f fe c t  of MRF on the spontaneous discharge frequency of the c o r t ic a l 

units  variedt h a lf  o f the units showed a tra n s ito ry  ac tiv a tio n * that is *  

an increase in  th e ir  spontaneous discharge frequency; one-th ird  were un­

affected  a lto g eth er; and the remaining units (6 /4 8 ) were in h ib ite d  during 

MRF s tim u la tio n .

At the same symposium in  Freiburg* Akimoto e t a l .  (1961) also re ­

ported on a number of s im ila r  investigations th a t they and th e ir  co­

workers had conducted during the la te  f i f t i e s .  Their studies had encom­

passed the e ffe c ts  of arousal -  both *natura l* and MRF-induced -  not only 

on the v isual system but also on the somatosensory* auditory* and motor 

systems* as w e ll as on the association cortex o f the immobilized unanaes- 

the tized  c a t. In  the v isual system* they investigated arousal e ffe c ts  on 

p h o tic a lly  evoked u n it a c t iv ity  in  cortex. They also examined the res­

ponses e lic ite d  by s ing le  shocks in  the optic  ra d ia tio n  and the LGB.

Their resu lts  generally  conformed to those of C reu tzfe ld t e t  a l .

The most frequent observation w ith  MRF a c tiv a tio n  was a fa c i l i ta t io n  of 

the c o r t ic a l response to photic flashes. Furthermore* the responses to 

ra d ia tio n  and geniculate shocks were almost exclusive ly  fa c il i ta te d *  an 

in h ib ito ry  e ffe c t  having been observed in  only one exceptional u n i t .

When the MRF-test shack in te rv a l was varied (w ith  sing le  MRF conditioning



p u lse ), the responses to ra d ia tio n  or geniculatB shocks were fa c i l i ta te d  

fo r  in ters tim ulus  in te rv a ls  ranging from 30 to 200 msec, w ith  a peak aug­

mentation between 40-80 msec* No in h ib ito ry  phase was seen. Yet in  so­

matosensory co rtex , s ing le  conditioning shocks to MRF produced not only 

the same in te ra c tio n  curves as in  v isua l cortex but also curves w ith  in ­

h ib ito ry  phases a t  in te rv a ls  o f 50-120 msec* This was exceptional, how­

ever, as f a c i l i t a t io n  was c h a ra c te r is tic  of the e ffe c ts  in  the auditory  

and motor co rtices  as w e ll as o f the response evoked by d ire c t c o r t ic a l  

s tim u la tio n . Thus, "The c o r t ic a l f a c i l i t a t io n  as was seen in  v isua l cor­

tex is  not a s p e c ific  and a rea l phenomenon but a m anifestation o f more 

general fea tu re  o f c o r t ic a l arousal" (Akimoto e t  a l . ,  1961, p. 37 1 ). In  

sum, although in h ib it io n  or suppression o f transmission had in  fa c t been 

observed, p a r t ic u la r ly  in  MRF-flash vs. MRF-shack in te ra c tio n s , f a c i l i t a ­

tio n  was the more common and by fa r  the more emphasized outcome of the 

in te ra c tio n s .

The value o f the next three studies is  lim ite d  in  th e ir  having 

been confined to the evaluation of MRF's in fluence on the maintained 

discharge o f c o r t ic a l u n its . Nonetheless, Fuster (1961), using chronic  

preparations, found th a t high-frequency s tim u la tio n  of the MRF in  rabbits  

tended to enhance the f i r in g  o f those s t r ia te  units which were ac tivated  

by d iffu se  l ig h t ,  w hile  decreasing the discharge frequency of l ig h t - in h i ­

b ited  u n its . S ixty-one of his 100 u n its , however, were to ta l ly  unaffected  

by brainstem s tim u la tio n . He concluded th a t the manner in  which MRF 

a ffec ted  the spontaneous a c t iv ity  o f v isua l c o r t ic a l un its  depended upon 

the type o f u n it monitored.

The la rg e r number o f u n its  (8156) a ffec ted  by the MRF in  V/elyka's 

(1966) rab b its  may have been due to the preparation used, which was un-
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sp e c ified . The maintained discharge was reduced in  64J& of these units  

and fa c i l i ta te d  in  32%, w ith  a rec ip roca l re la tio n  observed fo r  neighbour­

ing neurone, Velyka also reported th a t MRF and photic s tim u la tio n  had 

the same e ffe c t  on the neuron's maintained discharge! fo r  those un its  

in  which photic s tim u latio n  had produced suppression, MRF a c tiv a tio n  

did so a lso , and vice versa. This held not so much fo r the 'on-responae* 

to l ig h t  as i t  did fo r the la te r  changes in  a c t iv ity  monitored during  

prolonged illu m in a tio n  -  an im portant d is tin c tio n  to which we w i l l  re ­

tu rn . The opposite e ffe c ts  o f MRF a c tiv a tio n  on neighbouring neurons 

suggested to Velyka th a t the s p e c ific  sensory or in tra c o r t ic a l mechanisms 

are o f major importance in  determining the type of response obtained,

a view somewhat s im ila r  to F o s te r's .

In  contrast to the above s tud ies , Orem and Feeney (1971), whose 

obeervations were also re s tr ic te d  to the maintained discharge frequency, 

determined that whether f a c i l i t a t io n  or in h ib it io n  occurred depended 

upon the rostro -caudal locus of c o r t ic a l recording in  the immobilized c a t. 

The m ajority  o f c e lls  in  ro s tra l VC (v isu a l c o rte x ), te n ta tiv e ly  id e n tif ie d  

by the authors as area 18 (on the basis o f QtBuka and Hassler's c r i ­

t e r ia ) ,  were fa c i l i ta te d ,  w hile those in  caudal VC (area 17) were in h i­

b ite d . Thus locus of recording appears to be o f some import -  an obser­

vation serving to complicate an already muddled p ic tu re .

A d is tin c tio n  between the MRF's in fluence on the maintained as vs.

the evoked discharge frequencies in  c o r t ic a l neurons was mads e x p lic i t ly  

by N arika s h v ili e t  a l .  (1965). While th e ir  resu lts  fo r  the MRF's e f ­

fects  on the u n it 's  maintained discharge accorded w ith  those of Fuster 

and Velyka -  in  being corre lated  w ith  the u n it 's  response to photic  

stim ulatio n  -  they pointed out th a t the fWF's e f fe c t  on the neuron's
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response to input was not so re la te d . That is *  whether a p a rtic u la r  

neuron's response to a photic stimulus was fa c i l i ta te d  or in h ib ite d  did 

not depend upon the character of i t s  response to the photic stimulus i t ­

s e lf .  N arika sh v ili e t a l .  made several other valuable observations on 

th e ir  recordings from area 17 of the encephale is o le  c a t. B r ie fly *  they 

noted th a t the la te r  components of the u n it 's  response were more la b ile  

and more susceptible to re t ic u la r  in fluence . Furthermore* both the fre ­

quency and the latency of these la te r  spike discharges could be markedly 

reduced or augmented by fflRF conditioning . The conditions under which 

such a lte ra tio n s  were brought about were not sp e c ified . These authors 

postulated an MRF regu la tion  of hypothetical in h ib ito ry  processes pre­

ceding the la te  a c tiv a tio n  -  thus appearing to have been the f i r s t  to  

note that the fflRF may exercise i t s  influence on cortex through i t s  con­

t r o l  o f in h ib ito ry  function . A year la te r *  N arikash v ili e t  a l .  (1966) 

chose to examine in  d e ta il  those un its  whose c h a ra c te ris tic  response to 

l ig h t  had been a lte red  by fflRF conditioning (an unusual observation).

Here they concluded th a t the fa c i l i ta to r y  in fluence of fflRF on c o rtic a l  

neurons is  brought about by the removal o f normally ongoing in h ib ito ry  

mechanisms* again emphasizing the fflRF's fa c i l i ta to r y  e f fe c t .

Skrebitsky (1969) examined the e ffec ts  of sensory or re tic u la r  

arousal on neuronal responsiveness in  the chronic ra b b it 's  v isual cor- 

tex and found th a t by fa r  the more common e f fe c t  was in h ib ito ry . Among 

the units which had responded to l ig h t  flashes* only 50$ were affected  

by d if fe re n t  arousing s tim u li such sb acoustic* electrocutaneous* and 

mesencephalic re t ic u la r  s tim ulatio n ! th is  lower percentage seems to have 

been a function o f the unanaesthetized chronic preparation. The p h o ti-  

cally-evoked c o r t ic a l discharge was in h ib ite d  in  75-80$ of these units
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and fa c i l i ta te d  in  the re s t. "D iffe re n t types o f responses to l ig h t  

flash  were in h ib ite d  by arousing non-visual s t im u li, but predominantly 

i t  was the long-latency discharges which were o ften  preceded by an in ­

h ib ito ry  pause" (S kreb ltsky , 1969, p. 274), Thus the discrepancy bet­

ween Skreb itsky's  report that in h ib it io n  of evokBd discharge was thB 

p rin c ip a l e f fe c t  of arousing s tim u li and the e a r l ie r  emphasis on i t s  

f a c i l i ta t io n  may in  part be explained by the aspect of the u n it ’s res­

ponse which he had chosen to observe.

B a r t le t t  and Doty's (1974) in v e s tig a tio n  on the unanaesthetized 

s q u irre l monkey has again focussed a tten tio n  on the MRF's fa c i l i ta to r y  

in fluence. Only a very small proportion o f the s tr ia te  c o r tic a l units  

(5 /5 8 ) exhibited any s ig n if ic a n t in h ib it io n  of evoked discharges. The 

in te rv a l between conditioning and te s t s tim u li (the  la t t e r  having been 

e ith e r  e le c tr ic a l or photic ) was normally kept a t 50 msec, although 

in te rv a ls  of 25-100 msec were also explored. While the lo catio n  of 

the mesencephalic electrodes was mostly dorsal to the MRF, in  the su­

perio r c o llic u lu s  (SC), a general s im ila r ity  between the c o r t ic a l e f ­

fects of NRF and SC can be expected on the basis o f gross p o te n tia l data 

(e .g . Chalupa e t a l . ,  1973) and microelectrode recording (see Appendix A ), 

Despite in tensive in ve s tig a tio n  of the problem, the factors go­

verning mesencephalic a lte ra t io n  o f evoked responses a t  v isual cortex  

are s t i l l  obscure, A clue may be provided, however, by both Narikashvi­

l i  e t  a l .  (1965) and Skrebltsky (1969) who noted that i t  was the la te r  

components of the u n it 's  response which were most a ffected  by arousal 

or re t ic u la r  in p u t. I t  appears th a t an evaluation  of th is  neglected as­

pect o f the u n it 's  response, -the a c t iv ity  -  or lack of i t  (spike suppres­

sion) -  which succeeds the i n i t i a l  ex c ita to ry  response to in p u t, may
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serve to c la r i fy  the nature o f the mechanisms underlying re tic u lo c o rt ic a l  

reg u la tio n . Numerous studies using m acropotential recording have shown 

th a t the la te r  components of gross evoked p o ten tia ls  may be more sen s itive  

to  manipulations o f MRF or arousal le v e l than the primary evoked p o te n tia l
i

( e .g . ,  C reu tzfe ld t and Kuhnt, 1973).

The Present Study

The primary aim of the present study was to evaluate the MRF's 

in fluence on spike suppression and, by in ference , on in h ib ito ry  proces­

ses evoked in  v isua l cortex by e le c tr ic a l or photic in p u t. Few micro­

electrode studies have addressed themselves to th is  question as the in ­

tra c e llu la r  method is  d i f f i c u l t  to implement while the e x tra c e llu la r  

technique may have been deemed inappropriate to the task. Everts (1961) 

has shown, however, th a t useful inferences concerning in h ib it io n  may 

be drawn from e x tra c e llu la r  monitoring of the duration of spike suppres­

sion in  units o f the v isual cortex. Although his resu lts  demonstrated 

th a t suppression, evoked by a shock to the optic  ra d ia tio n s , is  lengthened 

during wakefulness in  the in ta c t c a t, "The mechanism underlying th is  pro­

posed increase of in h ib ito ry  a c t iv ity  remains to be determined" (1961, 

p. 173). A ctivation  of the WRF, thought to produce fa c i l i ta t io n  of cor­

t ic a l  u n its , would seem a lo g ic a l s ta rtin g  point in  the d e lineation  o f 

these mechanisms, esp ecia lly  in  view of the conclusion drawn by Li and 

Chou (1962) th a t in h ib ito ry  processes have a higher threshold than th e ir  

e xc ita to ry  counterparts.

Everts pointed out th a t the waking s ta te  which he had studied was 

d iffe re n t from the s ta te  o f intense arousal which may fo llow  novel stimu­
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la t io n  or strong e le c tr ic a l stim ulation  o f thB re t ic u la r  formation* 

Although most o f the reported studies provided no in d ic a tio n  th a t fflRF 

stim ulus parameters may have had a bearing on the re s u lts , th e ir  manipu­

la t io n  seemed appropriate in  view of the w e ll-estab lished  behavioral 

and e lec tro p h ys io lo g ica l d ifferences associated w ith d if fe re n t 'le v e ls  

of arousal. '

In  the present in v e s tig a tio n , the duration of spike suppression 

fo llow ing  LGB shock was evaluated from e x tra c e llu la r  recorde derived  

from the v isua l cortex o f the fla x e d iliz e d  c a t. fflRF-LGB in te rv a le  were 

varied , as was the in te n s ity  of conditioning and te s t s tim u li. Condi­

tio n ing  in  LGB was implemented aB a contro l fo r locus of s tim u la tio n .

In  a few instances, fflRF conditioning was replaced by conditioning in  

the superior c o llic u lu s  (SC), and the LGB te s t shock by a photic stimu­

lus (the  la t t e r ,  to improvB upon the g en era lity  o f the re s u lts ) . In  

order to s a tis fy  the requirements of the intended analysis -  th a t is ,  

to te s t the s e n s it iv ity  of the spike suppression measure in  a va rie ty  

of conditions -  a large sample s ize  was s a c rific e d  fo r the purpose of 

as d e ta ile d  an evaluation as practicab le  fo r each u n it.
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METHODS

Suroerv. e lectrodes, and hl3toloQv

Observations were made on a to ta l of 23 ad u lt cats ( la rg e ly  male) 

prepared as fo llow si A tracheostomy was performed a f te r  ether induc­

tion  and a tracheal cannula was in serted . The animal was maintained 

on an ether b a tt le  which was attached to the tracheal cannula u n t i l  the 

cat was mounted and aligned in  a s te reo tax ic  apparatus (K opf). The ether 

b o ttle  was then removed and the anim al's lungs were flushed w ith oxygen 

to reduce the remaining e ffe c ts  of e th er, A mixture of Halathane (0 .5 -  

2 $ ), nitrous oxide (Nj Oi ca 55$), and oxygen (Og* ca 45$), was admini­

stered a t a to ta l flow ra te  o f 1,5L/m in.

The l e f t  saphenous vBin was cannulated fo r subsequent in fusion  of 

a 10$ d ilu te  so lu tion  (90$ s a lin e ) o f gallamine tr ie th io d id e  (F la x e d il)  

and, occasionally , a so lu tion  of 5$ dextrose in  physio logical salinB  

to maintain hydration. A m idline skin in c is io n  was made over the s k u ll 

and the temporal muscles were re fle c te d  b i la te r a l ly  to expose the ca lva -  

rium. A trephine hole, made over the l e f t  cerebra l hemisphere, was en­

larged w ith rongeurs to produce a c ra n ia l opening extending ros tro -cau - 

d a lly  from approximately A13 to P3 over the l e f t  hemisphere, and from 

A6 to AO over the m idline above the r ig h t hemisphere; the exposure was 

extended to as much as 14 mm la te r a l ly  over the l e f t  hemisphere and 6 

mm over the r ig h t . The dura was resected in  some cats , exposing portions  

of the marginal and suprasylvian g y r i. When exposed, the cortex was 

kept moist w ith  warm s a lin e .

The c is terna  magna was subsequently exposed and punctured. B ila ­

te ra l thoracotomies were performed in  several animals early  in  the inves­
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t ig a tio n  but were discontinued when they appeared to make no m ateria l 

d iffe ren ce  to the development o f bra in  pu lsation . The cortex was s ta ­

b iliz e d  ( i . e .  pulBation was co n tro lled ) by a v a rie ty  of standard expe­

d ien ts , such as re la t iv e  position ing of the head, occasional use o f the 

surface recording e lectrode as 'pressure f o o t , * but mainly through care­

fu l c is te rn a l drainage.

A ll  wounds and pressure points were l ib e r a l ly  in f i l t r a te d  with  

p rilo ca in e  (C itan e s t) which was re-adm inistered every 4 hours. F laxe- 

d i l  was Infused in to  the saphenous vein (w ith  an i n i t i a l  dose of 3-4 

mg/kg body weight) to immobilize the preparation and was supplemented 

(approximately 2 mg/kg) a t  30-60 min in te ra le  (o r as necessary). A r t i ­

f i c i a l  re sp ira tio n  was in it ia te d  a t 22-26 rpm, w ith a volume of 30-35 m l/ 

s tro ke. PCÔ  was not monitored but, a f te r  im m obilization, stroke f r e ­

quency was adjusted to sim ulate the anim al's normal resp irato ry  ra te .

A DC-powered heating pad was wrapped around the anim al's abdomen to pre­

vent any marked drop in  body temperature.

UJhen the dura was l e f t  in ta c t , s l i t s  were made fo r the passage 

of two b ip o lar s tim u la tin g  e lectrodes, flu sh -cu t and insulated w ith  

formvar except a t the t ip s . Each electrode was made of two pieces of 

.125 mm tungsten w ire encased in  a 20-gauge s ta in less  s te e l tube which 

was also insulated w ith  formvar. The tip s  of the s tim ulating  electrodes  

extended approximately 2 mm beyond the edge of the tube and were ho ri­

zo n ta lly  separated by ,5 -1 .0  mm. One electrode was d irected  a t  the 

la te r a l  geniculate body (LGB), the other a t  e ith e r  the mesencephalic 

r e t ic u la r  form ation (MRF) or the superior c o llic u lu s  (SC) according to 

the s tereo tax ic  coordinates o f the Jasper and A jmone-fllarsan (1954) cat 

a t la s i the l e f t  LGB generally  a t  A 7.0 , L 9 .5 , and the r ig h t (c o n tra la ­
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te r a l )  MRF or SC a t  A 2.5 -3 .0  and L 2 .0 -3 .0 , For gross responses, a 

b a ll-t ip p e d  tungsten electrode was positioned over the l e f t  hemisphere 

a t approximately A6.0 w ith  the t ip  on mid-marginal gyrus. C o rtica l 

recording, done fo r  the purpose of position ing the depth electrodes  

and monitoring the EEG, was always monopolar from the marginal gyrus, 

the re fe re n t being placed on the edge o f a re trac ted  temporal muscle.

A 15-23 megohm (a t  1000 Hz) tungsten microelectrode (manufac­

tured by Haer), insulated w ith  a therm oplastic resin  (E p o x y lite ), and 

w ith a t ip  diameter o f less than 1 _/»m (and t ip  length o f 5 >um), was 

then positioned w ith in  the compass of A1.0 -4 .5  and L1.0 -5 .0  over the 

l e f t  marginal gyrue and lowered, often w ithout a p rio r in c is io n  in  

the dura.

The brain was preserved fo r  histo logy in  

64% of the reported u n its . At the conclusion of the experiments, the 

le v e l of anaesthesia was increased fo r these animals, and the subcor- 

t ic a l  s tim u la tin g  s ite s  were e le c t ro ly t ic a l ly  marked by passing a DC 

current o f .5  mamps between the electrode t ip  and the Barbara of the 

stereo tax ic  instrument (cathode) fo r  25-30 secs. The animal was then 

k il le d  w ith 6-10 cc o f Nembutal in jec ted  in travenously, decapitated, 

i t s  head rinsed and kept in  a 10% form alin  so lu tion  fo r several months. 

The brains were subsequently blocked and frozen coronal sections cut 

a t a thickness of 50 J*m. Every f i f t h  section  was then stained accord­

ing to the Kl'uver-Barrera (1953) method. The stained sections were 

examined under a microscope to v e r ify  the location  of the depth e lec ­

trodes.



Control equipment! recording and stim ulatio n

C o rtica l a c t iv ity  picked up by the surface electrode was fed 

through a Grass electrode fo llow er and a Grass (P5) d i f fe r e n t ia l  pre­

a m p lifie r  w ith a band pass o f 7 Hz to 2 kHz (-3  db). U nit a c t iv ity  

monitored by the microelectrode was channelled through a DC-coupled 

pream p lifie r (Transidyne MPA-6)* a Grass d i f fe r e n t ia l  p ream p lifie r  

(P5) w ith a band pass of 35 Kz to 10 kHz (-3  db)* and a 60-cycle  

Bpike f i l t e r  (Kopf* EFA-12). Both gross and u n it derivations were 

then displayed on a split-beam  oscilloscope (Tektronix 561), The f i l ­

tered u n it a c t iv ity  was fed in to  an audiomonitor and also in to  a h is ­

togram analyzer (Synax) w ith a 200 tim e-bin capacity and an adjustable  

threshold voltage. The output of the Synax u n it was displayed in  the 

form of histograms on a slave storage oscilloscope (Tektronix 564). 

Both samples o f the s ing le  traces o f u n it a c t iv ity  on the 561 as w e ll 

as the frequency d is trib u tio n s  over 16-32 sweeps displayed on the 564 

oscilloscopes were photographed fo r la te r  data analysis on a Grass 

(C4) Kymograph camera (35 mm).

Overall tim ing control fo r  stim ulation  of the subcortica l lo c i  

and fo r recording the surface as w e ll as the u n it responses was accom­

plished by a Tektronix waveform generator (Model 162), Every 4 -6 .3  

secs* i t  triggered another id e n tic a l waveform generator which served 

as a time base fo r two pulse generators (Model 161). Each pulse gene­

ra to r  gated a Grass (S -4 ) s tim u lato r fo r a c tiv a tio n  of the LGB and 

the MRF (or SC) w ith square-wave pulses (see below fo r parameters) 

delivered  by two stimulus is o la tio n  u n its . F ig . 1 presents a flow  

chart of the stim ulating  and recording equipment.
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F ig . 1. Flow diagram of e lectrophysio log ica l s tim ulating  

and recording system.
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In  those few animals (cats 287* 290, and 292) where photic stimu­

la t io n  was used, the above-mentioned Tektronix un its  regulated the optic  

stim ulator as w e ll,  while a photocell record of the stimulus duration  

was displayed on one channel of the oscilloscope. The beam from a glow 

modulator tube was projected through a 10X30 mm rectangular aperture  

which, a t a distance of approximately 385 mm from the nodal po int o f the 

eye, formed a ta rg e t of I^ X A ^ 0 of v isua l angle. The duration of the 

photic stimulus varied between 400-600 msec. I ts  in te n s ity  ( f i l t e r e d )  

and th a t o f the background illu m in a tio n  (dim) were not c a lib ra te d . The 

ta rg e t was d irected a t  th a t portion of the re tin a  subserved by the e s t i ­

mated locus of p ro jection  in  c o n tra la te ra l cortex where the u n it record­

ing was taking place. L a c r il was applied to prevent corneal dehydration. 

The c o n tra la te ra l eye was occluded by suturing the eyelids .

Atropine s u lfa te  was administered to p ic a lly  fo r 2 of these animals 

to produce m ydriasis. I ts  adm inistration also served to demonstrate 

th a t the e ffec ts  to be described did not depend upon a reacting p u p il. 

Furthermore, p u p illa ry  d ila t io n  proved to be minimal i f  not unobservable 

a t our chosen stim ulating  lo c i in  fflRF (a t  le a s t during the adm inistration  

of Halothane),

Procedure

fflost of the experiments were conducted in  a dimly illu m in ated , 

shielded room, w ith several of the early  experiments carried  out in  

to ta l darkness. The subcortical electrodes were lowered toward th e ir  

respective stim ulating  s ite s , th e ir  term inal lo c i being determined both 

by calculated s tereo tax ic  coordinates as w e ll as by the response cha­

ra c te r is t ic s  monitored by the c o r t ic a l surface e lectrode.
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The electrode intended fo r  s tim ulation  of the LGB uias lowered 

in  .5  mm steps beginning a t 2 mm above i t s  ca lculated surface. With 

each advance of the e lectro de, the occurrence and ch a rac te ris tics  of 

the c o r t ic a l response evoked a t the marginal gyrus by a .5  msec, 7-B V, 

shock were evaluated. Ulhen the 'c la s s ic a l ' sho ck -e lic ited  fo u r- or 

five-component response was re lia b ly  produced, th a t position  of the 

electrode which produced i t  was selected fo r use throughout the expe­

rim ent. The electrode destined for the MRF was then positioned in  a 

s im ila r  fashion, using one 30-msec tra in  of .1 msec pulses a t 300 Hz 

and 4-6 V. The f in a l  lo catio n  of the MRF electrode depended upon its  

e ffe c tin g  a re lia b le  enhancement of the amplitude o f the LG B-elicited  

c o r t ic a l response (see Review o f the L ite ra tu re ) . The MRF-LGB in te rv a l 

was set a t 20 msec or longer since such enhancement was re lia b ly  observed 

only a t  these longer in te rv a ls . In  some experiments, the MRF electrode  

was e ith e r  i n i t i a l l y  or subsequently positioned in  the predetermined 

locus for the 5C.

Following placement of the subcortical stim ulating  electrodes  

(and adjustment of the op tic  stim ulator when photic stim ulation was 

employed), Halothane was withdrawn fo r some anim als. Ulith 2 exceptions 

(see cats 316 and 333 in  Table I ,  Appendix B), when Halothane was w ith­

drawn, i t  was fo r the duration of the experiment. For cat 316, d i f ­

fe ren t units were monitored w ith  and without Halothane. For one u n it  

in  cat 333, however, Halothane was withdrawn and readministered i te r a ­

t iv e ly  (see R esu lts ).

The microelectrode was then positioned over the l e f t  marginal 

gyrus end lowered u n t i l  aud itory  contact was made w ith  e ith e r  the dura 

(when not resected) or the pia mater. The point of contact of the



electrode w ith the p la l (or d u ra l) surface* as measured on the micro- 

d ri ve vern ier* was taken as the zero reference (H -0 ), I ts  ro s tro -  

caudal (A-P) and la te ra l (L ) locations were established by measuring 

i t s  distance from the s te re o ta x ic a lly  positioned fflRF electrode and 

the s a g it ta l sinus, A 1-megohm shunt re s is to r  which had been switched 

across the input to the DC probe head ( in  order to prevent high current 

densities  from damaging the electrode t ip )  was thBn switched out. The 

electrode was subsequently advanced in  25-5D ^ turns w ith in  a 2-3 mm 

range and usually l e f t  in  s itu  fo r a few minutes i n i t i a l l y  to permit 

c o rtic a l s ta b iliz a t io n  fo llow ing the dimpling o rd in a rily  caused by the 

microelectrode penetration.

Biased sampling o f neurons when recording w ith microelectrodes 

often arises because those neurons which generate a notable degree of 

spontaneous a c t iv ity  are most l ik e ly  to be picked up fo r recording.

In order to avoid that bias* several kinds o f s tim u li were administered 

concurrently during the search fo r un its  in  cortex* the purpose being 

to drive  those units th a t were not spontaneously* or frequently* a c tiv e .

The assortment of s tim u li used were the fo llow ing! periodic shocks to 

the LGB} photic s tim ulation  w ith  a moving fla s h lig h t}  occasionally* fflRF 

te tan iza tio n * changes in  ambient illu m in a tio n  and leve ls  of Halothane.

When a sizeable and re la t iv e ly  clean u n it was located -  as determined

by auditory signals and oscilloscope tracings -  and held fo r longer than

a few seconds* the histogram p lo tte r  was set to cumulate the resu lts  of

16-32 sweeps* w ith 200 time bins a t  .5  msec/bin (to  coincide w ith  the

to ta l sweep duration on the oscilloscope of 1 sec). I f  several neurons 

were registered simultaneously* the threshold voltage was used in  an 

attem pt to f i l t e r  out a l l  but the la rg e s t u n it (the spike amplitudes 

ranged from several hundred m icrovolts to  several m il l iv o l ts ) .  When
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good u n it reso lution  was not obtainable , u n it c lusters were sometimes 

recorded as they were found to generate the same e ffe c ts . Such charac­

te r is t ic s  of the u n it 's  a c t iv ity  as i t s  waveform, duration , spontaneous 

f ir in g  frequency, response to photic s tim u li, receptive f ie ld  lo ca tio n , 

were roughly assessed and included in  the experimental protocols. The 

depth of the microelectrode placement was noted follow ing the experi­

mental treatments, ulhen recording in  cortex was precluded by uncontrol­

lab le  brain  pu lsation , the microelectrode was advanced to monitor the 

responses of presumed ra d ia tio n  fib ers  and units in  midbrain regions.

With the histogram p lo tte r  operative , the frequency d is tr ib u tio n  

generated by a s ing le  pulse to LGB was roughly compared to that pro­

duced by the spontaneous a c t iv ity  of the u n it; th a t is ,  the u n it was 

assessed as being e ith e r  responsive or not to LGB stim ulatio n . I f  i t  

showed any time-locked a c t iv ity ,  as many of the follow ing treatments 

were implemented as was made possible by the length of time the u n it 

was held. Histograms were p lo tted  fo r (1 ) the background or sponta­

neous le v e l of u n it f ir in g !  (2 ) response to LGB (or photic stim ulus) 

alone; (3 ) va ria tio n  of LGB in te n s ity ; (4 ) thB e ffec ts  of LGB condi­

tion ing ! conditioning pulses delivered  to LGB i t s e l f  p rio r to the 

LGB te s t shock, a t in terstim ulus in te rv a ls  ranging from 0 through 400 

msec; (5 ) fflRF (or SC) alone; (6 )  fflRF (or SC) conditioning, a t in te r ­

stimulus in te rv a ls  ranging from 0 through 300 msec (calcu lated  from 

the end of the conditioning t r a in ) ;  (7 ) v a ria tio n  of mRF in te n s ity , 

fo r a fixed  fflRF-LGB in te rv a l;  (8 ) v a ria tio n  of LGB in te n s ity  with  

ItRF conditioning. A quasi-random sampling strategy was used fo r the 

various conditions since each u n it was to have been monitored fo r an 

indeterminate length of time (ranging from a few minutes to several 

hours) .
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The conditioning stimulus to LG8 was generally  id e n tic a l to the 

te s t shock to LGB ( .5  msec pulse) and was delivered via the same e le c ­

trode. In  the two instances where conditioning in  LGB consisted of a 

t ra in  of pulses, these were s t i l l  delivered  through the same electrode  

by connecting the stimulus is o la tio n  units in  s e rie s . The stimulus 

parameters fo r the LGB tra in  were id e n tic a l to those set fo r the MRF 

(o r SC) tra in s t a 30-msec tra in  o f .1 msac pulses a t  300 Hz. Current 

flow in  the s tim u latin g  c ir c u it  was estimated as fa l l in g  in  the range 

o f 30-200 ykamps (a t  50 kohms*) fo r the more common voltage settings  

of 1.5-10V .

The in fluence o f several other variab les , such as Halothane 

le v e l and background illu m in a tio n , were b r ie f ly  evaluated as w e ll.

Faster sweeps (2-20 msec/cm) than the standard 100 msec/cm were pho­

tographed in  2G% of the un its  to permit an assessment of the influence  

of the experimental treatments on the i n i t i a l  spike discharges to LGB 

shock. Notes were recorded in  several experiments' protocols on the 

changes occurring in  spike frequencies which were beyond the purview 

of the 1-sec oscilloscope trac ings.

Given the adm inistration of F la x e d il, the anim al's le v e l of 

alertness or arousal was assessed by sporad ica lly  monitoring i t s  c o r t i ­

c a l EEG as w ell as the extent of i t s  p u p illa ry  d ila t io n . The EEG pat­

tern  seen most commonly with Halothane was one containing high-am pli- 

tude, low-frequency waves in terrupted  by periods of desynchronization. 

Such periods were more frequently observed a fte r  Halothane had been

*  In  th is  p a rtic u la r  series of experiments, electrode impedances, as 
measured in  normal s a lin e , varied between 25 and 65 kohms, values of 
50 kohms being most representative . Electrode impedances of s im ila r  
values were established in  vivo in  e a r l ie r  experiments in  th is  labo­
ra to ry ! o n -lin e  measurements w ith a Tektronix induction-coupled probe 
have indicated th a t our current values were w ith in  the range c ited  above.
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withdrawn. The most common p u p illa ry  s ta tu s , during Halothane in  p a r t i ­

c u la r , was a high degree of co n stric tio n  (usually  associated w ith  sleep  

or drowsiness). Various degrees of p u p illa ry  d ila t io n  were o ften  noted, 

however, a f te r  Halothane had been withdrawn, A f a i r  range of arousal 

leve ls  seems to have been in  e ffe c t  over the course of th is  study.

Analysis of Data

The completion of a histogram p lo t (PSH) o f the recorded u n it 's  

spike d is tr ib u tio n  fo llow ing a sing le  e le c tr ic a l shock to LGB was the 

minimal condition fo r inclusion  in  Table I of Appendix B. Units that 

exhibited no time-locked response to the te s t s tim u li were discarded.

Among such, however, were a few units which had responded w ith  a to ta l  

cessation of f i r in g  fo r protrated periods -  th a t is ,  fo r  longer than 1 

sec (the longest sweep duration used); and others which had fa ile d  to 

give r is e  to suppression a f te r  the i n i t i a l  traces (possib ly as a re s u lt  

of h a b itu a tio n ), were discarded as w e ll,  any ostensible response having 

been o b lite ra te d  a f te r  the f i r s t  few traces in  the histogram.

The un its  sampled in  th is  study were assigned to three general 

locational those in  cortex, i t s  adjacent white m atter, and in  the mid­

b ra in . The c o rtic a l un its  included (1 )  those recorded a t any la te ra ­

l i t y  when the depth o f the microelectrode t ip  did not exceed 2 mm below 

the pia mater (and 2 -2 ,5  mm below the dura); and (2 ) un its  a t any depth 

(up to 6 mm) whose la te r a l i t y  did not exceed 2 mm from the midline ( fo r  

reasons evident in  F ig . 2b). F ig . 2a shows th a t most o f our microelec­

trode penetrations centered around the border of areas 17 and 1B (ac­

cording to Otsuka and Hassler, 1962) and in  Hubei's V II cortex (but 

see Uloolsey, 1971).
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The units in  the second category -  white matter adjacent to 

cortex -  were a llocated  by exclusion since th e ir  coordinates did not 

meet the above c r i te r ia  fo r c o r tic a l units and yet were too shallow  

fo r location  elsewhere. Because of the occurrence of c o r tic a l 'dimp­

lin g * ' however* many units in  the second category no doubt belonged 

to the f i r s t .  The lo c i of the midbrain u n its * few in  number and of 

minor in te re s t in  th is  study* were roughly estimated from th e ir  s te ­

reo tax ic  coordinates and the a tlas  o f Jasper and Ajmone-Marsan (1954).

The histograms for each u n it film ed a t 10D msec/cm sweep speed 

were evaluated p rim arily  fo r a lte ra tio n s  in  thB duration of suppres­

sion of spike discharge follow ing the LGB te s t shock (or photic s t i ­

mulus). The occurrence o f suppression was ascertained by a decrease 

in  discharge frequency as compared to that preceding the s tim u li 

(see F ig . 3 a ). I ts  duration* measured with the aid  of a m icrofilm  

reader* was then expressed in  msec. The 'c o n tro l*  value used to as­

sess the e ffe c ts  of experimental treatments was established by aver­

aging the suppression measurements fo r  a l l  av a ila b le  frequency d is t r i ­

butions (when more than one was obtained) generated by a shock to 

LGB alone (or by a photic s tim ulu s). The values fo r suppression du­

ra tio n  were then expressed in  terms of the percent of the contro l 

condition.

I t  must be noted that these suppression values were obtained from 

histograms accumulated from 16 (or 32) in d iv id u a l traces. A PSH* which



Tig . 2 . (a )  Tracing from the a tla s  of Jasper and Ajmone-

Marsan (1954) i l lu s t r a t in g  the superior surface o f one 

hemisphere o f the c a t's  b ra in  and the area o f m icroelec­
trode penetration in  th is  study (cross-hatched), (b ) 

Xerograph of a coronal section  (a t  A3) o f one cerebral 

hemisphere from the cat a tla s  o f Fifkova and Marsala (1967),
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displays the number o f neuronal dischargee occurring a t various times 

a f te r  each of a series o f id e n tic a l s tim u li*  indicates the d is tr ib u ­

tio n  o f p ro b a b ility  of u n it discharge fo llow ing LGB (or photic ) exci­

ta tio n  (Burns* 1968). When the 'spontaneous* or maintained a c t iv ity  

preceding the stimulus was ** thua providing no re lia b le  estimate of 

the 'sampling' e r ro r ' -  and the nature of the spike d is tr ib u tio n  fo l ­

lowing the suppression period tended towards the normal as in  f ig .  3b* 

the suppression values are representative of a minimal ra th er than 

an average duration per histogram. Far only th a t in te rv a l which was 

e n tire ly  free  o f recorded events could be adjudged as 'suppressed.'

(a )

ârapliny! S f'tk t svppr/a ion  

tu M  •: f
V *•,  ; • • •• f i t  y* • • i

A  m m m m. >  m m a

............ ..

(b ) (c)

F ig . 3 , Schemata of PSHs generated by a shock to LGB il lu s t r a t in g  
the three components of the c o r t ic a l u n it 's  response (fo r  
d e ta ils *  see R esu lts )i (a ) PSH w ith  'sampling e rro r preced­
ing the response} (b ) measurement of minimal suppression 
duration due to lack o f sampling e rro r; (c )  PSH w ith skewed 
afterd ischarge d is tr ib u tio n .

Even when the spike d is tr ib u tio n  was very skewed* as in  F ig . 3c* the 

erro r tended to be one of underestimation o f the duration of suppres­

sion. This was shown by a number o f comparisons between the duration  

of spike suppression in  s ing le  traces and in  the associated histograms 

(e .g . U nit 294/1 in  F ig . 4 ) where i t  was evident th a t suppression was 

of fa r  longer duration in  the in d iv id u a l sweeps.



Tor some u n its , the latency to the peak of the spike d is tr ib u ­

t io n  fo llow ing suppression (APL» as in  f ig .  3bt fa r  'a fte rd is ch arg e ' 

peak la tency) was measured as w e ll. Furthermore, the o v e ra ll s ize  

of these d is trib u tio n s  was roughly estimated as being e ith e r  aug­

mented or diminished in  re la tio n  to the afterdischarge produced by 

the tes t shock to LG6, A s im ila r  assessment of the e ffec ts  on the 

d is tr ib u tio n  of the i n i t i a l  spike discharges was made when a fa s te r  

sweep was employed. But the c h arac te ris tic s  of the discharges which 

immediately succeeded the stimulus o ften  had the earmarks of f ie ld  

p o ten tia ls ; th a t is ,  th e ir  waveform and p a r t ic u la r ly  the v a r ia b i l i ty  

in  th e ir  amplitudes indicated that they could have been recorded w ith  

a macroelectrode. Since an accurate assessment of a lte ra tio n s  in  the 

i n i t i a l  spike discharges seemed precluded thereby, these data were 

discarded and the reported resu lts  were confined to the slower sweep 

speeds necessary to monitor spike suppression in  th is  study.
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RESULTS

General C haracteris tics  o f the U n it Response 

In  the V isual Cortex to  LGB Shock

Several response patterns were observed from the 72 units of the 

visua l cortex and i ts  adjacent white matter fo llow ing a s ing le  e le c tr ic a l  

shock to LGB. The most common and conspicuous pattern  ( fo r  75% of 

these u n its ) a t  slow sweep speeds (100 msec/cm) was a sequence compris­

ing a b r ie f  high-frequency c lu s te r of sp ikes*, followed by a period o f 

discharge suppression of variab le  du ra tio n , followed in  turn  by another 

variab le  period of often increased f ir in g  frequency (the 'a fte rd is c h a rg e '). 

Samples of in d iv id u a l traces which were accumulated to produce the ac­

companying histograms are i l lu s tr a te d  in  P ig . 4 fo r two d if fe re n t u n its .

The major d ifferences observed among units monitored a t slow 

sweep speeds resided in  th e ir  being tru ly  s ing le  units (as in  Unit 

294/1 in  F ig . 4 )  or u n it c lus ters  (as in  U n it(s ) 3 3 3 /1 ), in  the le v e l 

of th e ir  spontaneous discharge frequencies, and in  the degree o f th e ir  

afterd isch arge . Although the d ifferences in  spontaneous a c t iv ity  and 

afterd ischarge are evident in  the two histograms, the la t t e r  are d is ­

t in c t ly  s im ila r  in  the marked period o f suppression fo llow ing  the LGB 

tes t shock. For the in d iv id u a l traces , however, the term suppression 

is  an inappropriate  ch arac te riza tio n  fo r the s ile n t  period follow ing

*  At fa s te r  sweeps, these resolved in to  a burst o f 3 -5  spikes, a l l  of 
which were cotemporal w ith the positive-components phase of the evoked 
p o te n tia l recorded e p ic o r t ic a lly . The number of spikes preceding the 
discharge suppression was sometimes seen to vary as a function of the 
several experim ental treatments adm inistered. As e a r l ie r  noted, how­
ever, the meaning o f such observations is  rendered moot by the ques­
tionable  nature of the i n i t i a l  spike burst in  th is  study. As a con­
sequence, l i t t l e  ad d itio n a l mention w i l l  be made of th is  aspect of the 
u n it 's  response.
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Tig. 4 , Samples of the c o r t ic a l response to LGB shock 

fo r 2 units (294/1 and 333/1 ) a t  100 msec/cm. In d iv i­

dual traces are seen on the l e f t  (negative up). H isto­
grams accumulated from 32 ( fo r  294/1 ) and 16 ( fo r  333/1 

and a l l  un its  h e re a fte r) such traces are on the r ig h t .  

The bin width fo r a l l  histograms was 5 msec. The arrow 

below each photograph ind icates the onset of the c o r t i ­
ca l response -  both the u n it response (top channel) and 

the gross p o te n tia l (bottom channeli seen c le a r ly  only 

in  the lower right-hand tra c e ). The 2 upper traces were 

retouched.



1 sweep 3? sweeps

10 pulses/5 msei
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the LGB shock since the spontaneous a c t iv ity  was often not high 

enough to warrant i t *  But both the accumulated a c t iv i ty  in  the h is­

tograms, as w e ll as the membrane hyperpolarization  known to accompany 

theBe s ile n t  periods, ju s t i fy  i t s  use.

Responses consisting so le ly  of an increased discharge frequency 

were more unusual (25%), the frequency increment occurring a t  long 

la tenc ies  and probably corresponding to the above-mentioned a fte rd is ­

charge. minor varia tio n s  o f these two patterns were also seen; the 

most notable involved a delay in  the onset of discharge suppression 

( i l lu s tra te d  in  P ig . 1 0 ). Except fo r these u n its , the latency of the 

suppression period usually consisted of the time taken fo r the occur­

rence of the i n i t i a l  spike burst which, a t  the slower sweep speeds 

(100 msec/cm) used to evaluate a lte ra tio n s  in  the suppression period 

throughout our experiments, was inseparable in  the histogram plots  

from the stimulus a r t i fa c t  (the  b in width being 5 msec).

When an LGB shock e l ic i te d  any suppression a t a l l  in  the c o r t i ­

ca l (and adjacent) u n its , i t s  average duration was 155 msec (range; 

20-300+ msec), a value compatible w ith  the reported duration (100-200 

msec or more) o f in t ra c e llu la r  p o la riz in g  p o ten tia ls  in it ia te d  in  cor­

tex by stim ulatio n  of the o p tic  tra c t  or rad ia tions  (e .g . U/atanabe 

e t  a l . , 1966).

The foregoing summary was drawn in  large part from Table I of 

Appendix B. Table I also provides inform ation on the lo catio n  and 

leve ls  of anaesthesia fo r a l l  un its  included in  th is  re p o rt. A ll  

tables re ferred  to h erea fte r w i l l  be found in  Appendix B.



39

E ffec ts  o f Varvino Shock In te n s ity  to LGB

In  11 un its  (10 in  cortex and one in  i t s  adjacent white m atte r), 

the responses e lic ite d  by increasing in te n s it ie s  of LGB shock showed 

th a t the duration o f spike suppression varied d ire c t ly  with the in ten ­

s ity  o f LGB s tim u la tio n  (Table I l ) i  • F ig . 5 demonstrates th a t a t  re la ­

t iv e ly  low shock in te n s it ie s  there may be l i t t l e  or no suppression 

(see graph and oscilloscope trac ing  a t 5V fo r U nit 42 5 /1 2 ), w hile in ­

creasing shock in te n s it ie s  generated progreseively longer periods of 

discharge a r re s t . This suggests th a t increasing LGB in te n s ity  may 

have revealed suppression in  those un its  where none was a c tu a lly  ob­

served (the 25$ of the units re fe rred  to in  the la s t  s e c tio n ). The 

order o f stim ulus presentation , whether sequentia l (S ), th a t is ,  pre­

sented in  order o f increasing in te n s ity , or quasi-random (R ), was 

c le a r ly  inconsequential (see same F ig . ) .  Only one negative instance 

(where the LGB shock had not e l ic i te d  the c la s s ic a l surface p o te n tia l)  

and one questionable sequence were observed, the la t t e r  fo r a midbrain 

u n it .

The e ffe c t iv e  range of shock in te n s it ie s  on varying the duration  

of discharge a rre s t appeared equal to or greater than the range a ffe c t­

ing the amplitudes of the grose c o r t ic a l surface p o te n tia l. Since the 

LGB-shock in te n s ity  employed fo r  most o f the experiments in  the fo l ­

lowing sections was one which produced a ju s t submaximal surface poten­

t i a l  ( in  order to  secure i t s  r e l i a b i l i t y ) ,  th is  observation suggests 

th a t the duration of discharge suppression used as c r ite r io n  ( 'c o n t r o l ')  

was below i t s  maximal value.

The e f fe c t  of increasing the in te n s ity  o f the LGB shock on the



F ig . 5 . E ffects  of increasing LGB shock in te n s ity  on the 

LG B-elicited spike suppression fo r  2 units in  the v isual 

cortex of thB same c a t . The s tim u li uiere presented in  in ­

creasing in te n s it ie s  (S ) fo r  425/8  and in  quasi-random o r­

der (R) fo r 425/12. The ordinate scale fo r the histograms 

on the oscilloscope tracings re fe rs  to 10 pulses/5 msec 

taken over 16 t r ia ls  (as w i l l  a l l  such scales h e re a fte r ) .
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u n it 's  afterdischarge w s b c learcu t in  some units  and im perceptible in  

others. Increasingly  long suppression was accompanied by increased a f ­

terdischarge in  Unit 425/12 (F ig . 5 ) ,  but the two were not correlated  

fo r Unit 8 in  the same cat (seme F ig . ) .  When a lte re d , the degree of 

afterdischargB appears here to have been d ire c t ly  re la ted  to the extent 

of p rio r discharge suppression. As w i l l  be seen la te r ,  however, the 

two -  duration of discharge suppression and degree of afterdischarge -  

were not always re la ted  in  th is  manner.

The histograms fo r U nit 425 /12 . which e x h ib it  a r e la t iv e ly  high 

degree of a fterd isch arge , suggest th a t the duration o f the a lte ra tio n s  

in  spike discharge frequency induced by an intense LGB shock exceeds 

the compass of our photographed observations (1 sec). Since th is  la s t  

was often the case, and also because the density of afterdischarge was 

often not great enough fo r re lia b le  q u a n tif ic a tio n , a measurement of 

the latency to the peak of the afterd ischarge d is tr ib u tio n  (APL) was 

introduced. Riggs (1971) has pointed out. furtherm ore, th a t " . . . 

i t  is  often tru e , in  the e le c tr ic a l recording of v isua l responses, that 

latency measurements are more re lia b le  than measurements of amplitudes 

o f response p o te n tia l waves or frequencies of nerve im pulses." (p .309).

The histograms in  F ig . 5 in d ica te  th a t as the LGB shock in te n s ity  

was increased, and as the duration of spike suppression increased con­

com itantly . so did the APL. an observation qu an tified  and presented 

fo r  two d if fe re n t  un its  in  F ig . 6. Although the APL and the duration  

o f spike suppression are here shown to be c lose ly  re la te d , the u t i l i t y  

o f these independent measures may l i e  in  th e ir  d i f fe r e n t ia l  suscepti­

b i l i t y  to random devia tion  (as w i l l  be seen la t e r ) .



F ig . 6, E ffects  of increasing LGB shock in te n s ity  on two 

independent measures! on suppression duration and on the 

afterdischarge peak latency (APL) in  two d if fe re n t  u n its .
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In fluence of LGB Conditioning on the Response to LGB Teat-Shock

When the LGB te s t shock was preceded by sn Id e n tic a l condition­

ing stimulus to LGB -  delivered via the same electrode and w ith  the 

same stimulus parameters ( .5  msec pulse a t 8V in  the forthcoming 

instance) -  the curve ssen in  F ig . 7 was obtained as a function of the 

in tsrstim ulus in te rv a l.  At the shorter co n d itio n in g -tes t in te rv a ls  

(less  than 50 msec)* the duration of suppression was extended* when 

expressed in  terms of percent o f the contro l le v e l (which was the du­

ra tio n  o f suppression e l ic i te d  by the LGB te s t shock by i t s e l f ) ;  while  

a t the longer in terstim ulus in te rv a ls  (100 msec and longer)* suppression 

was abbreviated . I t  is  evident th a t when the second shock is  adminis­

tered early  w ith in  the suppression period generated by the f i r s t  shock 

(before i t  has run i t s  course)* then the suppression fo llow ing the 

second stimulus might be expected to combine w ith  th a t from the f i r s t  

to produce a more prolonged period o f suppression. This is *  in  fac t*  

what occurred. On the other hand* when the in terstim ulus in te rv a l is  

increased* the suppression generated by the second shock would coincide 

w ith  the a fterd ischarge e l ic i te d  by the f i r s t  stim ulus* and the two 

opposing e ffe c ts  might be expected p a r t ia l ly  to cancel one another out 

in  an a lgebra ic  summation* as i t  were. As is  demonstrable in  the same 

F ig .*  less suppression waa indeed observed a t  these longer in te rv a ls *  

w hile the afterd ischarge e l ic i te d  by the f i r s t  shock was p a r t ia l ly  ob­

l i te r a te d .

F ig . 8 provides another i l lu s t r a t io n  of the dual-LGB e ffe c t on 

discharge suppression. I t  also shows th a t when m ultip le  conditioning  

shocks (6 shocks a t  300 Hz) were administered to the LGB instead of a



Fig . 7. E ffects  of a conditioning shock to LGB on the spike 

suppression e lic ite d  by an id e n tic a l LGB te s t shock (S^.), The 

duration of suppression is  expressed as a percent o f the con­

t r o l  value (Sj.) -  th a t duration of suppression (shown in  msec 

on the graph) e l ic ite d  by 5^ alone. The oscilloscope tracings  

demonstrate* as does the graph* that the duration o f spike sup­

pression declines as a function of the length of the in te r s t i ­

mulus in te rv a l.
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Fig . 8 . A comparison of the e ffe c ts  of s ing le  vs. m ultip le  

conditioning shocks to LGB on spike suppression e lic i te d  by 

the LGB te s t shock (S^) from a u n it in  the v isu a l cortex.
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8in g le  pulse* the id e n tic a l e f fe c t  was obtained. Again* the short 

in terstim ulus in te rv a ls  (measured from the end of the conditioning  

t r a in )  produced a longer duration o f suppression than the longer in ­

te rv a ls . This was so in  sp ite  o f other changes in  the conditioning  

stimulus parametersi the pulse width was abbreviated (from .5  to .1 

msec) and the in te n s ity  of each pulse was diminished (from 8V to 4V) 

to  conform to the stimulus parameters used la te r  fo r conditioning in  

MRF. Furthermore* the order of presentation fo r the m ultip le  shocks 

was not randomized (as i t  was fo r the s ing le  conditioning shock).

The fa c t  th a t m ultip le conditioning shocks w ith the stated parameters 

and order o f presentation had an e f fe c t  that was id e n tic a l to that 

generated by a single conditioning pulse to LGB ind icates th a t the 

c ru c ia l parameter in  th is  case was the in te rv a l between the la s t  con­

d itio n in g  shock and the te s t shock. A ll  the other instances of LGB 

conditioning thus used a sing le  conditioning shock which was easier to 

adm inister.

F ig . 8 also i l lu s tr a te s  that the afterdischarge fo llow ing the 

conditioning stimulus and the suppression e lic i te d  by the te s t stimu­

lus rfd not always in te ra c t in  the a lgebraic  fashion posited e a r l ie r .

The abrupt in te rru p tio n  o f the afterd ischarge by the onset o f suppres­

sion is  v iv id ly  displayed in  the histograms fo r the longest in t e r s t i ­

mulus in te rv a ls  (bottom histograms on l e f t  and r ig h t in  F ig . 8 ) .  The 

test-shock e lic ite d  suppression seems completely to override the power­

fu l  e x c ita to ry  afterdischarge generated only a few m illiseconds e a r l ie r .

The aspect of afterdischarge d is tr ib u tio n s  fo llow ing the te s t 

shock which seemed most c le a r ly  a ffec ted  by v a ria tio n  o f the stimulus
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in te rv a ls  was i t s  skewnessi the shorter the in terstim ulus in te rva l«  

the longer the suppression duration fo llow ing the te s t shock* and the 

more skewed the afterd ischarge d is tr ib u tio n . UJithout any inform ation  

on ad d itio n a l aspects o f the afterd ischarge d is tr ib u tio n * however* 

th is  appears to bs but another way of describing the a lte ra tio n s  in  

the period o f suppression. The afterd ischarge in  F ig . B was of su f­

f ic ie n t  density to evidence that no simple re la tio n  between i t  ( i t s  

degree* fo r example) and the p rio r suppression can be established fo r  

the short term (the 1 sec sweep d u ra tio n ). Measurements of the APL were 

not undertaken fo r these units (see explanatory footnote** on page 6 4 ).

F ig . 9 furnishes a summary o f the group resu lts  obtained upon 

conditioning in  the LGB. The graph presents the mean duration o f spike 

suppression ( in  terms o f percent of c o n tro l) p lo tted  as a function of 

the te s t stimulus (S^,) delay* the length o f the v e r t ic a l lin e s  repre­

senting the standard dev ia tio n  a t each delay. As the delay was increased* 

the duration o f suppression declined from values which were i n i t i a l l y  

higher than the contro l value. The tra n s itio n  from the prolonged 

suppression to  i t s  reduction occurred a t a delay somewhere between 

25 and 50 msec. The r e la t iv e ly  la rg e r s c a tte r o f the data a t the long­

est in te rv a l (200 msec) ind icates  th a t a re tu rn  to baseline values oc­

curred a t  th a t in te rv a l fo r  some un its* w hile the decline in  suppression 

duration was s t i l l  progressing fo r others.

In  no case fo r the 11 curves p lo tted  (fo r  8 c o r t ic a l and one adja­

cent u n it in  white m atter) waa there a negative instance to th is  sequence* 

although in  three of the un its  evaluated e arly  in  th is  study no exten­

sion of suppression was observed as no in ters tim ulus  in te rv a ls  lees  

than 50 msec were sampled (Table I I I ) .  One negative instance was observed 

in  a subcortica l recording locus.



Fig . 9. Group datai R ela tive  changes in  the duration of 

suppression e lic ite d  by a te s t shock to LGB (S^) as a func­

tio n  o f i t s  delay from a conditioning stimulus to the same 

s ite  in  LGB. Black dots in d ica te  mean values ( in  terms of 

percent of co n tro l) and v e r t ic a l lin e s , the standard devi­

a tio n  a t  each delay. (N»11 sets o f data obtained from 9 

u n ite .)
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Conditioning in  fflRFi E ffects of In terstim ulus In te rv a l

F ig . 10 il lu s tra te s  the e ffects  of te tan iz in g  MRF on the duration  

of discharge a rres t follow ing the tes t shock to LGB. The oscilloscope 

tracings a t the bottom show that when MRF and LGB s tim u li were combined, 

discharge suppression, expressed in  terms of percent of contro l, was 

abbreviated a t b r ie f  in terstim ulus in te rv a ls  (less than 50 msec) and 

extended a t in te rv a ls  of 50 msec and longer. Consequently, the time 

courBe fo r prolonged suppression was g rea ter, but i t s  exten t, given the 

200-300 msec range of in te rv a ls  used in  th is  study, was not established. 

The tracings also demonstrate an increment in  the degree of a fte rd is ­

charge, as w ell as a reduced latency to the peak of the afterdischarge  

spike d is tr ib u tio n , a t the shorter in terstim ulus in te rv a ls  (see below).

The opposition between the e ffec ts  o f MRF and LGB conditioning  

is  re ad ily  evident in  the four units of F ig , 11, where conditioning in  

both lo c i was implemented in  the same u n it . The re la t iv e ly  high degree 

of v a r ia b il i ty  observed among the units is  confirmed in  Fig. 12 which 

presents a summary o f the group resu lts  fo r  the positive  findings w ith  

fflRF conditioning (Ns22, fo r 19 u n its ). A dditional positive  instances 

were excluded from th is  summary (see Tables IV and V) because the con­

t r o l  value was a t  0 msec (no suppression); hence percentages could not 

be computed.

The tra n s itio n  from abbreviated suppression to i t s  prolongation 

occurred ju s t above the 50-msec in te rv a l, the highest degree of sca tte r  

also occurring a t  th a t in te rv a l. The possible contributors to the va­

r ia b i l i t y  observed fo r MRF conditioning, euch as Halothane le v e l, am­

b ient illu m in a tio n , and the in te n s itie s  o f conditioning and te s t shocks, 

w i l l  be discussed in  follow ing sections.



Fig. 10. E ffects  of ta tan iz in g  MRF on the te a t response (S^.) 

e lic ite d  by a shock to LGB. The graph was based on data i l ­
lu stra ted  in  the histograms obtained a t the various delays in ­

dicated beneath the oscilloscope tracings. The re la tiv e  dura­
tion  of epike suppression was seen to increase as a function  

of the Sj. delay.
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Fig. 11. A comparison of the e ffec ts  o f MRF conditioning  

(so lid  l in e )  vs. LGB conditioning (dashed l in e )  in  terms of 
the re la tiv e  suppression period e lic ite d  by a shock to LGB. 
The date in  each graph were obtained from the same unit* 

the le ft-hand  graphs under low ambient illu m in atio n * the 

right-hand graphs a t  high levels  of l ig h t  adaptation.
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Fig . 12. Group datai R elative changes in  the duration of 

suppression e lic ite d  by a te s t shock to LGB (Sfc) as a func­
tio n  of i t s  delay from the end of the DIRF t ra in . Black dots 

ind icate  mean values, and v e rt ic a l lin e s , the standard devi­
a tion  a t Bach dBlay. (N=22 sets of date obtained from 19 

u n its ,)
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These findings were obtained fo r 63# of the rep lica tio n s  in  c o rtic a l 

(and adjacent) units so tested (Table IV ) . An add ition al 20% exhibited  

the same sequence in some v a ria tio n  (Table V). Seven percent of the units  

produced c lear negative instances, in  which the fflRF—LGB combination induced 

a diminution of suppression throughout the temporal range (Table V I) .  In  

10# of the u n its , no in te ra c tiv e  e ffe c t  was observed in  response to the 

MRF and LGB inputs (Table V I) .

(a ) Effects of MRF alone. MRF a c tiv a tio n , when in it ia te d  without an ac­

companying LGB pulse, usually produced a marked degree of enhancement of 

spontaneous spike discharge a t the stimulus in te n s ity  used (4-5V; 5V fo r  

Unit 320/2 in  Fig. 10 ). The latency of enhancement onBet ranged between 

approximately 25-100 msec from the f i r s t  pulse in  the MRF tra in  (30-msec 

g a te ), with fewer instances a t the longer la ten c ies . Occasionally, the la ­

tency to enhancement consisted of a period of discharge suppression as was 

the case in  Unit 320/2. The duration of enhancement was, most commonly, 

several hundred msec long or observable u n t i l  the end of the 1-sec trace, 

w ith  increased frequencies of discharge often being c le a rly  audible for 

several seconds th e re a fte r, and sometimes for longer s t i l l .  More lim ited  

periods of enhancement were seen as w e ll, las tin g  fo r some 100 msec, fo r  

example. B rie f periods of suppression were ra re ly  observed w ith in  the con­

te x t of spike enhancement generated by the MRF, but there o ften  was an a t ­

tenuation of enhancement tending to occur some 100-150 msec a f te r  the end 

of the MRF t ra in . This was c h a ra c te r is tic a lly  fallowed by the development 

of another peak of enhancement, s ig n ify in g  a bimodel d is tr ib u tio n  of the 

fa c i l i ta to r y  e ffec ts  of MRF a c tiva tio n  (see d is trib u tio n s  fa r  MRF alone in  

Figs, 14 and 15 where the picture of MRF enhancement is  representative of 

most of the neurons encountered). The attenuation of enhancement ra re ly  

descended below the spontaneous discharge frequency} when i t  d id , i t  was
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evaluated as a period of suppression generated by MRF alone. Despite 

th is  v a r ia b il i ty  in  the c o rtic a l u n it's  response to MRF ac tiva tio n *  

when the la t te r  was combined w ith an LGB shock* the same sequence of 

events was almost in ev itab ly  reproduced* namely* a reduction of the 

period of suppression e lic ite d  by the LGB shock followed by i ts  pro­

longation a t the longer in terstim ulus In te rv a ls .

(b) MRF-LGB In te ra c tio n . A more d eta iled  analysis of the e ffec ts  of 

MRF-LGB in te rac tio n  is  useful fo r Unit 320/2 il lu s tra te d  in  Fig. 10. 

This u n it is  of p a rtic u la r  in te re s t because the same sequence of events 

was observed in  sp ite  of the somewhat unusual characteris tics  of i t s  

response to both LGB and MRF s tim u li when independently presented. The 

response to LGB shock was unusual in  i ts  delayed onset of suppression 

which was nonetheless c le a rly  present. The discharge enhancement pro­

duced by the MRF tra in  was not only delayed as w ell* but preceded by an 

equally clsarcut period of discharge suppression.

For those un its  which exhibited an unequivocal and prolonged 

enhancement of spike discharge follow ing MRF activation* the adminis­

tra tio n  of an LGB shock soon a f te r  the end of the MRF tra in  predictably  

shortened the LGB-induced suppression. For some units* not only was 

suppression reduced* but an actual enhancement of spike frequency occa­

s io n a lly  occurred a t these short in te rv a ls . This was so fo r Unit 320/2 

where the length of suppression was shortened and the i n i t i a l  spike 

response to LGB shock (p rio r to suppression) was noticeably enhanced -  

an outcome that was less predictable fo r th is  p a rtic u la r u n it due to 

the i n i t i a l  suppression caused by MRF alone. Quite the opposite took 

place fo r Unit 320/2 a t  a longer MRF-LGB In te rv a l (e .g . a t 150* msec) 

where the LG B-elicited suppression was extsnded. I t  must be noted that
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the prolongation of suppression a t th is  (150-msec) delay* and even at 

the longest test-shock delays* occurred w e ll w ith in  thB range of in te r ­

vals where fflRF alone had generated enhancement of the spontaneous d is­

charge, A simple superposition of the responBeB to fflRF snd LGB Btim uli 

is  thus a n 'tin lik e ly  basis for the observed e ffe c ts  of fflRF-LGB in te rac tio n . 

The abrupt in terru p tio n * by the LGB input* of the enhancement generated 

by the fflRF tra in  also m ilita te s  against such explanation.

Inspection of a lte ra tio n s  in  the afterdischarge d is trib u tio n s  in  

Fig . 10 discloses th a t the shortest fflRF-LGB in te rv a ls  generated a much 

higher ra te  of afterdischarge than had the LGB shock* by i t s e l f .  Hence 

a uniform e ffe c t  on both suppression and afterdischarge was operative  

a t the short in te rv a ls i suppression was foreshortened and a fte rd is ­

charge enhanced-- both e ffe c ts  being fa c i l i ta to r y .  At the longest in ­

te rva ls  fo r Unit 320/2* only suppression was a ffec ted ; the rate of a f­

terdischarge u6s not much a lte re d . For other un its* a uniform influence  

was obssrvsd a t  the longer in te rva ls  as w ell* when suppression was ex­

tended and the degree of afterdischarge reduced -  an in h ib ito ry  e ffe c t  

throughout. For these un its* an inverse re la tio n  may be said to des­

cribe the duration of suppression and the subsequent rate  of a fte rd is ­

charge. But th is  p icture  of homogeneity was somewhat complicated by 

the longer-term ( ^  1 sec) influences on the afterdischarge -  noted in  

the protocols fo r several u n ite . For Unit 320/2* fo r example* the 

lea s t o ff-'scope a c t iv ity  was recorded fo r the short interstim ulus in ­

te rva ls  ( which had e a r l ie r  exerted the uniformly exc ita to ry  in fluence); 

while the highest degree of longer-term a c t iv ity  was noted fo r the longer 

In te rv a ls  (associated w ith  an e a r l ie r  suppressive in flu en ce ).
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MRF-LGB In terac tio n ! Influence of Halothane

The data fo r the c o rtic a l units included in  F ig , 12 were sepa­

rated in to  two groups -  one fo r which Halothane had been administered 

throughout (Ns12) and another fo r which Halothane had been withdrawn 

follow ing surgery (Na8), Despite the d if fe re n t composition o f the 

two groups (see Table V I I )* a d is tin c t s im ila r ity  of p o ten tia l import 

is  evident in  F ig . 13t Both functions exhibited the highest -  and v ir ­

tu a lly  id e n tic a l -  degree of v a r ia b ili ty  a t  precisely the same in te r ­

val (50+ msec). The scatte r a t a l l  but one other in te rv a l was more 

extensive with Halothane. This may have resulted from the range of 

Halothane flow rates employed (.33-1.056) and the larger number of cats 

in  the group) or i t  may have been due to a greater in tr in s ic  v a riab i­

l i t y  caused by Halothane i t s e l f .  Some support fo r the la t te r  view is  

provided by the data in  F ig . 14 which il lu s tra te s  the re la tio n  between 

the duration of suppression and the aftBrdischarge peak latency (APL)y

both w ith  and without Halothane* fo r the same u n it.

S. delay was p lo tted  against rea l time in  Fig. 14 ( i . e .  in  abso-
e

lu te  valuee) to permit a c leare r view of the re la tio n  between supres-

sion and the APL. While the duration of suppression and tha APL seemed

cloeely re la ted  when no Halothane had been administered* no such re la ­

tion  was observable w ith 156 Halothane. This finding was confirmed for  

most other such comparisons* (a lb e it  not in  the same u n it* as above) 

and w ith other experimental conditions as w e ll (LG8 conditioning*** for  

example) see Table X ) .

*  Several units sampled per experimental condition were thought to sa­
t is fy  the purposes of th is  comparison.

* *  I t  can now be etated that no APL measurements were presented fo r the 
data in  F ig . B (LGB conditioning) as these data had been recorded w ith
Halothane. No c le a r re la tio n  would therefore have bean demonstrable bet­
ween suppression and the APL (see Table X ) .



F ig . 13. Group datai E ffects  o f Halothane adm inistration  

on the spike suppression e lic ite d  by the LGB te s t shock (S^.) 

as a function o f i t s  delay from a conditioning tra in  to MRF, 
Mean values fo r the re la t iv e  duration of suppression are given 

by the black dots fo r the No Halothane condition and by the 

tr ian g les  fo r the Halothane condition. The standard deviation  

a t  each delay is  given by the s o lid  v e rtic a l lines fo r the 

No Halothane, and by the broken lines fo r the Halothane, con­
d itio n s .
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Fig* 14* A comparison of the influence of Halothane (a t G56 
and 1% i n  the l e f t  and r ig h t oscilloscope tracings, respec­
t iv e ly )  on the e ffec ts  of the MRF-LGB in te ra c tio n  observed 

in  Unit 333/1 . The measures used, the duration of the LG8- 
e lic ite d  spike suppression (so lid  curves) and the APL (bro­
ken curves), were obtained as a function of the in terstim u­

lus in te rv a l.
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MRF-LGB In te ra c tio n ! Influence of MRF In ten s ity

F ig . 15 i l lu s tra te s  one of the e ffec ts  produced by varying the 

in ten s ity  o f the MRF tra in  a t a fixed MRF-LG8 in te rv a l (45 msec here).

The le ft-h an d  oscilloscope tracings show that as MRF in te n s ity  was in ­

creased from 1.5V to 6V, the duration o f LG B-elicited suppression, which 

was I n i t i a l l y  longer than the control value (s in g le  trace on r ig h t ) ,  

was progressively attenuated. A concomitant increase in  the degree of 

afterdischarge and a decrease in  i t s  peak latency (APL) is  read ily  seen 

in  the same trac ings. The e ffec ts  of s tim ulating  the MRF alone ( t r a ­

cings on r ig h t)  w i l l  be discussed a t  the end of th is  section.

S im ila r, though not id e n tic a l, resu lts  were obtained in  three ad­

d it io n a l instances (Units 333/2, 425/12e, 425/12b in  Table V I I I ) .  The 

s im ila r ity  resided in  the o vera ll decline in  suppression seen for these 

units over the range of fflRF in te n s itie s  administered. The d ifference  

lay  in  the increment in  suppression seen in  the mid-range of fflRF in ten ­

s it ie s  (c le a r ly  depicted in  F ig . 18) which might b e tte r be characterized  

by an inverted-U , ra ther than by an inverse, re la tio n . Only a much 

la rg er sample (Ns8 here) and a more deta iled  assessment of the e ffec ts  

of MRF in te n s ity  would permit an appropriate ch aracteriza tion  o f the 

re la tio n s h ip . S t i l l ,  the lower ts tan iz in g  voltages to MRF did tend, on 

the whole, to prolong LGB-evoked suppression, while the mors intense con­

d itio n in g  tra in s  tended to c u r ta il  i t  (Table V I I I ) .  I t  is  noteworthy 

th a t the less intense MRF tra ins  prolonged suppression.

F ig . 16 presents three sets o f graphs il lu s t r a t in g  the re la tio n  

between the temporal (bottom graphs) end intensive (upper graphs) v a r i­

ables fo r three u n its . The MRF in ten s ity  curve fo r one of these, Unit 

331/2 , ia  the graph drawn from the oscilloscope traces in  F ig . 15.



T ig . 15. An il lu s t r a t io n  o f the e ffec ts  of varying WRF 

in te n s ity  (a ) a t a fixed MRF-LGB in te rv a l (45 msec) -  see 

oscilloscope tracings on the l e f t  -  and (b) on the spon­
taneous a c t iv ity  (tracings on the r ig h t)  derived from Unit 
331/2 in  visual cortex.



t



Fig. 16, The three upper graphs i l lu s t r a te  the e ffec ts  of 

MRF in te n s ity  (along the abscissa, in  v o lts ) on the suppres­

sion duration of the te s t response ( in  percent of c o n tro l), 
fo r a fixed MRF-LGB in te rv a l. The influence of MRF in te n s i­
ty  appears to depend upon the re la t io n  of the fixed MRF-LGB 

in te rv a l to the 'tra n s it io n *  in te rv a l (see tB x t). The l a t ­
te r  can be seen on the bottom graphs where suppression is  

shown as a function o f thB MRF-LGB in te rv a l. When the MRF- 
LGB in te rv a l emplyed was longer than the tra n s itio n  in te r ­
val (as in  U nit 4 2 3 /4 ), suppression was lengthened through­

out. When the fixed in te rv a l was shorter than the tra n s i­
tio n  in te rv a l (Units 331/1 and 3 3 1 /2 ), suppression was gene­
r a l ly  shorter than the control value. The effectiveness of 

MRF in te n s ity  as such is  c lear only in  U nit 331 /2 , where the 

duration of suppression was abbreviated as a function of in ­

creasing MRF in te n s ity .
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C lea rly , the two other in ten s ity  curves are unlike i t ,  in  exh ib itin g  

e ith e r a re la t iv e ly  constant prolongation of suppression over a l l  

MRF In te n s ity  values (U n it 423 /4 ) or, conversely, a diminution o f sup- 

preesion throughout the in te n s ity  range (U n it 3 31 /1 ). The constancy 

of the e ffec ts  indicates that these were determined more by the tempo­

ra l parameter (the fixed MRF-LGB in te rv a l)  than by the MRF-inteneity 

variab le  which fa ile d  to markedly a ffe c t the duration of LG B-elicited  

suppression in  these u n its . However, i f  the inverted-U function were 

descriptive of the re la tio n  between suppression and MRF in te n s ity , these 

two units could not be read ily  excluded from among the positive  ins­

tances (thus augmenting th e ir  number to S /B *).

The normal procedure fo r examining the influence of MRF in ten s ity  

would require the selection  o f a p a rtic u la r MRF-LGB in te rv a l. Since 

the tBSt-stimulue delay had a marked e ffe c t on i t s  subsequent suppres­

sion, i t  was decided to set th a t in te rv a l a t or near the value corres­

ponding to the control condition -  th a t is ,  where the curves tend to 

cross the dotted lin e  (bottom graphs in  F ig . 16 ). This was designated 

the ’ t ra n s it io n a l' in te rv a l. P rior to the actual data analysis , however, 

there was no means of accurately selecting such an in te rv a l and the data 

seem to re f le c t  that fa c t. For Unit 423/4 ( in  F ig . 16 ), fo r example, 

the chosen MRF-LGB in te rv a l (55 msec) was longer than the tra n s itio n a l 

in te rv a l (bottom graph) and thus might have tended to bias the resu lts  

toward prolongation of suppression, as was the case (top graph). Con­

versely, the 40-msec in te rv a l selected fo r Unit 331/1 (same F ig .)  was

*  In  the two remaining instances, the resu lts  fo r Unit 423/1 were ambigu­
ous in  exh ib itin g  a declining function except fo r the highest MRF-inten- 
s ity  value, while Unit 423/3 was a decidedly negative instance in  having 
given ris e  to an ascending suppression function, w ith prolonged suppres­
sion over a l l  MRF in te n s it ie s .
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fa r  shorter than the actual tra n s itio n a l in te rv a l (bottom graph) and 

thB opposite b ias, toward abbreviation of suppression, was seen here 

(upper graph). The same bias is  evident fo r Unit 331/2 where the 45 - 

msec in te rv a l would hava been Bxpected to introduce a bias toward d i­

minution o f suppression (bottom graph). This was confirmed (upper 

graph) since the m ajority  of points were below the contro l value.

The major d ifference between the in te n s ity  curves obtained fo r  

Unit 331/2 and the others in  F ig . 16 is  the apparent effectiveness of 

the fflRF-intensity variab le  fo r 331/2 as opposed to i t s  ostensible f a i l ­

ure in  exerting any influence on those units where a r e la t iv e ly  uni­

form outcome was observed over a l l  in te n s ity  values . But inspection  

of the APL functions in  F ig . 17 reveals th a t IWF in te n s ity  did in  fa c t  

in fluence some aspect of Unit 331/1 'a response! fo r th is  u n it , an in ­

verse re la tio n  was obtained fo r MRF in te n s ity  and the APL. This was 

so fo r Unit 331/2 as w e ll, Halothane had been withdrawn p rio r to re ­

cording from these u n its . A ll  other units so tested had been recorded 

under Halothane. Only one of these exh ib ited  a c learcu t influence of 

MRF in te n s ity  on the APL (U nit 425/128 in  Table U H Ia ) . In te re s tin g ly , 

an inverse re la tio n  was descrip tive  of the APL resu lts  as opposed to 

thB inverted-U  re la tio n  seen fo r suppression (see F ig . 18 fo r the l a t ­

t e r ) .  These observations confirm the e a r l ie r  description o f (1 )ia^d isso - 

c ia tio n  introduced by Halothane between the findings fo r  suppression 

and the APL* and (2 ) the v a r ia b i l i ty  of the APL i t s e l f ,  also brought 

about by Halothane.



Fig . 17. The influence of MRF in ten s ity  on the APL (in  

percent of con tro l) associated with the three units re­

presented in  F ig . 16. The actual value ( in  msec) fo r the 

APL follow ing the LGB shock alone is  shown* fo r each 

u n it* on the dotted lin e  demarcating the control (100$) 
value.
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(a ) The E ffects of MRF ftlone> An Amendatjon. The observation that 

MRF appears mainly to enhance the maintained discharge may now be amended 

in  viewing the right-hand tracings in  F ig . 15t a comparison of the 

levels  o f spike discharge preceding each MRF tra in  reveals a decline  

in  spike frequency with increasing MRF in te n s it ie s . Since each h is to ­

gram was compiled from 16 separate t r ia ls ,  and the in t e r t r ia l  in te rv a l 

was 4 sec here, a long-latency suppression w ith long time course appears 

to have been in  e ffe c t  a t the highest MRF in ten s ity  (6V ), one that was 

cumulative from t r i a l  to t r i a l .  With the less intense MRF tra in s , th is  

latency to suppression appears to have been shorten  note the develop­

ment of spike suppression toward the end of the 4V trace , some 5DQ msec 

a fte r  the end of the MRF tra in . At 2V, however, there is  only a mere 

h in t of spike suppression toward the end of the trace (and not much 

enhancement e ith e r ) ,  yet a conditioning stimulus o f that in ten s ity  

tended most markedly to prolong the LGB-evoked suppression of 3pike 

discharge.

In  sum, MRF apparently exerts both excita to ry  and in h ib ito ry  

influences on the spontaneous (as vs. the evoked) c o r t ic a l discharge -  

a fa c t long reported in the l i te ra tu r e . The exc ita to ry  influence was 

c e rta in ly  the more conspicuous in  our e x tra c e llu la r  records when MRF 

alone was ac tiva ted . With MRF-LGB in te rac tio n s , on the other hand, 

the exc ita to ry  e ffec ts  were dominant only a t short in terstim ulus in te r ­

vals and high MRF in te n s it ie s . The suppressive e ffec ts  of the condi­

tio n in g -te s t stimulus in teractions a t the longer in te rv a ls  and w ith  

weaker conditioning tra in s  pose a dilemma which may not be explicable  

without recourse to an overriding in h ib ito ry  e ffe c t generated by the 

MRF a t these parameters.



ADDITIONftL OBSERVATIONS

MRF-LGB In te ra c tio n i Influence of Test-Shock In ten s ity

The degree o f e ith e r the prolongation or the abbreviation of 

LG B-elicited suppression was observed to vary markedly in  re la tio n  to 

the control le v e l from cat to cat (e .g . 296 vs. 315 in  F ig . 11) and 

from un it to un it in  the same cat (Units 3 and 5 in  Cat 315, same F ig .) .  

Both leve l of background illu m in a tio n * and adm inistration o f Halothane 

may have contributed somewhat to th is  v a r ia b i l i ty .  S t i l l *  the func- 

tions drawn from Units 296/3 and 315/5 ( in  the same F ig . ) ,  where the 

actual control values were 140 and 233 msec resp ective ly , suggest th a t 

the in te n s ity  of the te s t shock (the duration of suppression generated 

by i t )  may have been a re levant facto r ( in  addition  to the in te n s ity  of 

the MRF tra in  which has ju s t been shown to exert a substantia l influence  

on the LGB-evoked spike suppression).

A comparison of MRF-LGB in te ra c tio n  a t two d if fe re n t test-shock 

in te n s itie s  was carried  out in  the same u n it to determine whether the 

re la tiv e  degree of suppression was dependent upon the test-shock in ten ­

s ity  le v e l. The two sets of curves fo r Unit 425/12 in  Fig. 18 demon­

s tra te  that the higher test-shock in te n s itie s  resu lted  in  a smaller 

re la t iv e  increment in  suppression and a concomitantly greater decrement 

in  suppression than the lower test-shock in te n s it ie s , and th a t th is  was 

upheld fo r both the temporal and intensive MRF-LGB manipulations. This 

was confirmed in  Unit 423/4 fo r thB  temporal in te ra c tio n .

These data suggest that there is  a c e ilin g  to the amount of suppres 

sion that the MRF-LGB in te rac tio n  w i l l  generate. Since the te s t stimulus

*  A lte ra tio n s  in  background luminance affected both the LGB-evoked sup­
pression and the u n it 's  maintained discharge in  an opposite manner in  d i f  
fa ren t u n its . Yet these differences were not re flec te d  in  the nature of 
the influence of MRF conditioning.



Tig . 18* The e ffec ts  on LGB-evoked suppression of varying the 

MRF-LGB delay (le ft-h an d  graphs) and the MRF in te n s ity  ( r ig h t -  

hand graphs) a t  two values of thB LGB te s t shocki a low LGB in ­

te n s ity  fo r th is  u n it, a t 7V, in  the upper graphs and a high LGB 

in te n s ity , a t 13 V, in  the lower graphs. The actual duration of 

suppression produced by the LGB shock alone was 100 msec fo r the 

7V shock and 218 msec for the 13V shock* as noted on the graphs.



Suppression Duration {% control)
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in te n s itie s  employed throughout th is  study were re la t iv e ly  high (as 

noted e a r l ie r ) ,  the observed prolongation of suppression - r e la t iv e  to 

control -  induced by fflRF conditioning must have been less marked then 

i t  would have been with less intense te s t shocks.

fflRF-LGB In te ra c tio n i Dual LGB Shocks

In  a few u n its , MRF conditioning was implemented with dual LGB 

shocks. In  e a r l ie r  s tud ies , the c o r t ic a l e x c ita b il i ty  cycle fo r grass 

evoked po ten tia ls  was found to d i f fe r  fo r s ingle and dual LGB shocks 

preceded by fflRF a c tiv a tio n  (e .g . Chalupa e t a l ,  1973). The influence  

of fflRF on the response to the second stimulus appeared to be indepen­

dent from i t s  e ffe c t on the f i r s t .  In  th is  study, an attempt was made 

to evaluate the response of single un its  under s im ila r  circumstances.

Fig. 19 demonstrates th a t the only obBervable (and very minor) 

difference in  the a lte ra tio n s  caused by fflRF a c tiv a tio n  in  the duration  

of suppression follow ing single and double shocks to LGB lay in  the

magnitude and not the nature of the e f fe c t . As w ith the s ing le  LGB

shock, suppression e lic ite d  by the second LGB stimulus was reduced a t  

the shorter fflRF-5  ̂ delays and prolonged fo r the longer in te rv a ls  -  a l ­

though both the reduction and prolongation of suppression may have been 

somewhat attenuated w ith the in te rp o la tio n  of the add ition al LGB shock. 

Another d ifference  lay in  the longer latency to suppression follow ing  

the second LGB shock.

A comparison of the length o f suppression e lic ite d  by the f i r s t

and second LGB shocks fo llow ing fflRF a c tiv a tio n  reveals a biphasic e f ­

fe c t -  as was suggested by the e a r l ie r  data fo r fflRF and sing le  LGB shock.



Fig. 19. A comparison, in  two u n its , of the e ffe c ts  of MRF con­
d ition ing  on the spike suppression e lic ite d  by a single te s t shock 

(so lid  l in e )  w ith that e l ic ite d  by the second of two LGB shocks 

(dashed l in e ) .  The delay between the end of the MRF tra in  and the 

f i r s t  LGB shock was held constant (a t  0 msec for Unit 296/3 and 

15 msec fo r 3 1 5 /3 ).
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That is ,  when the two LGB shocks were separated from the MRF tra in  by 

a short and long delay resp ec tive ly , suppression a fte r  the f i r s t  shock 

was abbreviated whereas suppression a f te r  the second was extended.

Thus i t  appears that when the two opposing influences of MRF and LGB 

conditioning are p itte d  one against the other, the effectiveness of 

MRF priming is  the g reater, even when the LGB stimulus is  administered 

in  the same locus as the te s t shock and is  closer to i t  in  t in e . The 

MRF-Ŝ . delay appears to have been the c ru c ia l parameter. The use of 

duel shocks was discontinued a fte r  confirm ation of the foregoing (see 

Table IX ) .

Recording from the Mldbraln

When c o rtic a l recording was no longer feas ib le  due to pulsation  

or other in terfe ren ce , attempts were made to locate units responsive 

to LGB s tim u li s u b c o rtic a lly , especia lly  in  the region of the mesence­

phalon. A number of such units (7 /1 1 ) responded with a period of sup­

pression to LGB shock, although the duration of suppression was gene­

r a l ly  b r ie fe r , even when the LGB shock in ten s ity  was increased (TableB 

I  and I I ) .

When MRF conditioning was employed in  conjunction w ith LGB shock*, 

5/7  units in  the v ic in ity  of the cen tra l grey, superior c o llic u lu s ,  

and posterior commissure, produced response sequences much l ik e  those 

seen in  cortex where an i n i t i a l  diminution of suppression was followed 

by i t s  prolongation (Table IX ) .  The c o rtic a l events were more c le a r-  

cu t, however, and appeared to precede those in  the midbrain, as suggested

*  I t  was possible both to stim ulate and record in  the midbrain since 
recording was always carried  out c o n tra la te ra lly  to the stim ulation  s ite s .
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e ith e r by a delayed onset o f suppression or by the development of changes 

in  the c o rtic a l EEG p rio r to a lte ra tio n s  in  the mesencephalon. The ne­

gative instances were unsystematic but tended to show a diminution of 

suppression follow ing MRF conditioning.

Histology

The midbrain stim ulating lo c i fo r 64$ of the units monitored in  

th is  study were examined microscopically and plotted on coronal sections 

(A2.0 -  A4.0) traced from the stereotaxic  a tlas  of Jasper and Ajmone- 

fflarsan (1954). F ig . 20 shows that thB m ajority of our midbrain place­

ments were located above the centra l tegmental t ra c t , w ith some place­

ments lik e ly  in  the nucleus cuneiformis (Taber, 1961) and others abut­

ting on the path of the mBdial long itud inal fasciculus adjacent to the 

centra l grey. Photographs of representative electrode locations for 

the fflRF in  two units are shown in  Fig, 21. Discussion of the placement 

in  superior co llicu lu s  w i l l  be found in  Appendix A,

The placement near the red nucleus (A3.0) generated d iffe re n t  

e ffec ts  from other stim ulating lo c i .  But th a t may also have been the 

case because the LGB placement fo r that cat (335) was established as 

having been ju s t below the LGB, in  the nucleus re tic u la r is  of the tha­

lamus. A ll other h is to lo g ic a lly  v e rifie d  LGB placements (again, for  

64$ of the u n its ) were located m edially in  LGB, often on the border o f, 

and a t  times w ith in , the optic  tra c t  (see F ig . 21). The medial LGB 

pro jects , of course, to the la te r a l portion of Area 17 and the medial 

portion o f Area 18 -  the v e r t ic a l meridian being on thB boundary bet­

ween Areas 17 and 18 -  which was the general location of our recording 

microelectrodes (see Fig, 2 ) .



Pig. 20. Sampling of mesencephalic s tim ulating lo c i plotted  

on s e r ia l coronal sections from the stereotaxic  a tlas  of Jasper 
and Ajmone-fflarsan (1954), C5, superior co llic u lu s ; PLOT, medial
lo ng itu d in al fasciculus} GC, centra l grey matter; NR, red nu­
cleus; Ret Ifies, mesencephalic re tic u la r  formation.
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Fr. 2.0 S«c.350 Fr. 3.0 5b c . 330



Fig, 21. Representative stim ulating lo c i in  l e f t  LGB (upper 

photographs) and co n tra la te ra l fflRF (lower photographs) for two 

cats (319 on the l e f t  and 333 on the r ig h t ) .



90

LGB Loci

Cat 319 Cat 333



91

DISCUSSION

The resu lts  of the present study demonstrate that MRF a c tiva ­

tio n  can e ith e r c u r ta il  or prolong the in h ib ito ry  portion of the evoked 

response recorded from a single u n it in  the c a t's  v I b u b I  cortex. The 

l i te ra tu re  has long reported e ith e r exc ita to ry  or in h ib ito ry  e ffec ts  

of the MRF on the c o rtic a l neuron's resting  discharge. This observa­

tio n  has stood in  marked contrast to thB reports on the MRF's influence  

on evoked neuronal responses in  visual cortex. Ulith several notable 

exceptions, the p rin c ip a l find ing  fo r evoked c o rtic a l discharges has 

been fa c i l i ta to r y .  Furthermore, even when MRF a c tiva tio n  was seen to 

generate both exc ita tio n  and in h ib it io n , these were ra re ly  observed 

in  the same c o rtic a l neuron. The d is tin c tiv e  e ffec ts  were therefore  

ascribed to the character of the monitored un it rather than to any sys­

tematic varia tio n  in  the MRF stim ulation  administered. This construc­

tio n  deprives the MRF of a causal ro le  in  the kinds of a lte ra tio n s  

seen in  c o rtic a l units follow ing i t s  a c tiv a tio n . In  the present study, 

on the other hand, the resu lts  were c le a rly  dependent upon the para­

meters of stim ulation applied to the MRF. This fa c t im plicates the 

MRF much more s ig n ific a n tly  in  the nature of the c o rtic a l events f o l ­

lowing i ts  a c tiv a tio n . I t  also allows the depiction of a re la tio n  

between events a t the u n it and more molar levels  -  a somewhat more 

sp ec ific  re la tio n , as we s h a ll see, than the li te ra tu re  has heretofore  

afforded.

We noted e a r l ie r  thbt most u n it studies have concentrated on 

the MRF's influence on the i n i t i a l  exc ita to ry  portion of the u n it 's  

response to input, the very portion of the c o rtic a l response that 

is  now known to be le a s t susceptible to m odification by 'n o n -sp ec ific '
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in p u t. This la s t  has been established fo r gross po ten tia ls  (e .g . ,  

C reutzfe ld t and Kuhnt, 1973* Fuster and Docter, 1962) and fo r micro­

po ten tia ls  as w ell (Evarts , 1963). For e x tra c e llu la r  analyses, the 

la te r  components of the evoked c o rtic a l response, those th a t have been 

shown to be the most la b i le ,  the moBt amenable to manipulation, were 

simply the discharges occurring a t longer latency, often follow ing a 

period of suppression o f spike discharges (Evarts , 1963* N arikashvili 

e t a l . ,  1965; Skrebitsky, 1969).

The un itary  response in  visual cortex to e ith e r e le c tr ic a l or 

adequate s tim u li is  by now known to comprise more than an i n i t i a l  ex­

c ita to ry  discharge (e .g . ,  C reu tzfe ld t e t  a l . ,  1969). In  fa c t, an in ­

h ib ito ry  component seems so inherent a part of the response to visual 

input that i t  is  often present even when an exc ita to ry  component is  

not (C reu tzfe ld t and Kuhnt, 1973; Kuhnt and C reu tzfe ld t, 1971; Ulataw 

nabe e t  a l . ,  1966). Consequently, the c o rtic a l response e lic ite d  by 

a shock to the LGB proved to be an appropriate too l fo r evaluating the 

e ffec ts  of MRF a c tiva tio n  on c o rtic a l in h ib itio n ; i ts  most d is tin c tiv e  

property being a re la t iv e ly  long and variab le  period of spike suppres­

sion. Such suppression of spike discharge has been co rre la ted , on nu­

merous occasions, w ith membrane hyperpolarization (e .g . ,  L i e t a l . ,  1960; 

Tasaki e t e l . ,  1954; Watanabe e t a l . ,  1966). I t  is  thus ap tly  viewed 

as an in h ib ito ry  phenomenon and w i l l  be so designated hereafter.

The MRF's influence on ongoing in h ib itio n  in  visual cortex has 

ra re ly  been assessed perhaps because spontaneous IPSPs constitu te  only 

a frac tio n  of 5-1556 of a l l  c o rtic a l PSPs during resting  a c t iv ity  (Creutz­

fe ld t  e t  a l . ,  1966). Since IPSPs are much more commonly e lic ite d  by 

sensory in p u t, MRF e ffec ts  on c o rtic a l in h ib itio n  are best evaluated
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with evoked, rathBr than with spontaneous, in h ib ito ry  a c t iv ity .  In  

the present work, evaluation of evoked in h ib itio n  has shown i t  to be 

remarkably sensitive  to manipulations of the MRF in  both the temporal 

and intensive domains.

The in terstim ulus in te rv a l (fflRF-S^ delay) was the most thoroughly 

explored variable in  th is  study, and i t s  e f fe c t  the most robufet; while  

the e ffec ts  of MRF in te n s ity  were probably the most la b i le  and sensi­

tiv e  to parametric s h ifts  (a t  d iffe re n t values of the in terstim ulus in ­

te rv a l, fo r example). The short in terstim ulus in te rv a ls  and high- 

in ten s ity  MRF tra in s  contracted the in h ib ito ry  period, while the longer 

in terva ls  and weaker MRF tra in s  prolonged i t .  The re la t iv e  degree of 

reduction or prolongation of in h ib itio n  also depended upon the in ten s ity  

of ths tes t shock. Prolongation of in h ib itio n  by the MRF was much more 

pronounced with weak te s t shocks, while reduction of in h ib it io n  was the 

more marked influence a t higher test-shock in te n s it ie s . The use of 

dual LGB shocks follow ing the MRF tra in  demonstrated th a t the B ffec t of 

MRF conditioning was tru ly  biphasic. The responses to thB two LGB shocks 

were d if fe r e n t ia l ly  a ffected as a function of each one's delay from the 

end of the MRF t r a in i the in h ib ito ry  period e lic i te d  by the f i r s t  (and 

s h o rt-in te rv a l) LGB shock was foreshortened, while th a t e l ic ite d  by the 

second (and lo n g e r-in te rv a l) shock was lengthened. These findings  

suggest, as have several other recent reports ( e .g . ,  Henry and Bishop,

1971), th a t a varie ty  of questions concerning in h ib ito ry  phenomena 

can be answered by means of the e x tra c e llu la r  technique -  p a rtic u la r ly  

when the in tra c e llu la r  method has proved as re fra c to ry  as i t  apparently 

has in  ths investigation  o f re tic u lo c o rtic a l in te ra c tio n s .
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The functional s ign ificance of evoked in h ib it io n  is  generally

discussed in  the context of receptive f ie ld s . But* as Henry and Bishop

(1971) have remarked!

. . .  i t  is  unfortunate th a t the idea of a stra ightforw ard  re la ­
tionship between "on" dischargee and e x c ita tio n  on the one hand 
and " o ff"  dischargee and in h ib it io n  on the other should have be­
come so deeply embedded in  the l i te r a tu r e .

• • . in h ib itio n  is  not to  be Bquated exclusive ly  w ith  "o ff"
areas, fflore frequently* we have found th a t in h ib ito ry  phenomena 
e x is t as separate and d is t in c t components in  the receptive f ie ld  
without any necessary re la tio n sh ip  with e ith e r  "on" or " o ff"  
areas, (p . 4 )

We s h a ll therefore c ite  several studies which have examined in h ib it io n  

stra ightforw ard ly  e ith e r  through in tra c e llu la r  recording or by moni­

toring  spike suppression w ith the e x tra c e llu la r  technique. Each of 

these w i l l  demonstrate the considerable import of the in h ib ito ry  compo­

nent of the neuron's response. We sh a ll then re tu rn  to the recep tive -

f ie ld  framework where the meaning of our findings must* however p rov i­

s io n a lly * be located.

Evoked in h ib itio n * monitored e x tra c e llu la r ly *  is  an ubiquitous 

response* w e ll documented in  a v a rie ty  of species* and recorded through­

out cortex* su b co rtica lly* and more periph era lly  as w ell (e .g .*  Ger- 

s te in * 1969) L i* 1956) fflcLennan* 1970) Polyanskii* 1967) Tasaki e t  a l . *  

1954) Toyama and Katsunami* 1968). In  an in tra c e llu la r  study* Kuhnt 

and C reutzfe ld t (1971) showsd that increasing photic in te n s it ie s  aug­

mented the amplitude and duration of IPSPs in  visual cortex w hile the 

short i n i t i a l  EPSP only ra re ly  reached threshold. At the highest flash  

in te n s itie s *  the primary EPSP was in  fa c t cut o ff*  ostensibly by thB 

more ppwerful IPSP, and the i n i t i a l  spike response was completely sup­

pressed.
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Gerstein (1969) demonstrated th a t* of the three response compo­

nents he had monitored (apparently id e n tic a l to those observed in  the 

present work)* a lte ra tio n s  in  the in h ib ito ry  phase alone exhib ited a 

highly systematic re la tio n  to variations  in  the adequate stim ulus. He 

had recorded from units in  the dorsal cochlear nucleus of the cat* fo l ­

lowing short tone bursts a t a aeries of frequencies. Neither the in i ­

t i a l  exc ita to ry  discharge* nor the la te r  discharges* exhibited any 

such re la t io n . These observations suggest that* fo r  some sensory chan­

nels and/or stimulus a ttr ib u te s *  the in h ib ito ry  portion of the response 

may be more inform ative than the p rio r and subsequent e xc ita to ry  dis­

charges.

The importance of neuronal a f te ra c t iv ity  fo r sensory processing 

has been emphasized by many (e .g .*  Jasper* 1966; L ibet e t  a l . *  1967; 

Wagman and Battersby* 1964). A fte ra c tiv ity *  as o rd in a rily  conceived* 

re fers  to exc ita to ry  responses succeeding the firs t-observed  time-locked  

response to a stim ulus. In  th is  work* however* as in  Gerstein*sf a tten ­

tio n  is  drawn to the in h ib ito ry  sequelae of input by v irtu e  of the ob­

served d issociation  of the in h ib ito ry  component from the exc ita to ry  

a c t iv ity  both preceding and fo llow ing i t *  in  i t s  being* a t times* the 

response component uniquely re la ted  to variations in  the Btimulus.

Once i t  is  .c lear th a t the u n it 's  'response' comprises a series of 

events -  to w it*  an i n i t i a l  exc ita to ry  discharge* consequent spike sup­

pression and la te r  discharge (the 'a fte rd is ch a rg e ') -  then m odification  

of any portion of the series may prove to be as revealing* i f  not moore 

so* as an account confined to the i n i t i a l  exc ita to ry  discharge. I t  w i l l  

be reca lled * fo r Bxample* th a t when Halothane had been withdrawn p rio r  

to  the experimental treatments* a lte ra tio n s  in  the period of spike sup­

pression were c le a r ly  p red ic tive  of modifications in  the la te r  spike 

discharges (s p e c if ic a lly *  in  the afterdischarge peak la ten cy ). This was
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not the case when Halothane was maintained throughout the experimental 

treatments -  a datum th a t warrants fu rth er study as i t  ind icates that 

the re la tio n s  among the various components may be in s tru c tiv e .

While a l l  inputs in to  cortex are thought to be e x c ita to ry , i t  has 

been proposed that in tra c o rt ic a l connections are la rg e ly  in h ib ito ry  

(Hess e t a l . ,  1975). Some recent and highly provocative studies suggest 

th a t in tra c o r t ic a l in h ib it io n  may play a la rg er ro le  in  sensory coding 

than the a n c illa ry  function that is  often accorded i t .  Brooks and Jung's 

(1973) point of view w i l l  serve to i l lu s t r a te  th is  lasts

I t  is  questionable whether in h ib itio n  or suppression of a c t i­
v ity  ( . . has much inform ation value per se. although thBre are 
several types of in h ib itio n  occurring su bcortica lly  which may func­
tio n  in  accentuating e x c ita tio n , (p .334)

Their view of the "sharpening" ro le  o f in h ib itio n  is  the standard one.

But i t  neglects the ro le  of in h ib it io n  in  "shaping" or increasing the 

s e le c tiv ity  of the neuronal response to input (Benevento e t  a l . ,  1972).

When Pettigrew and Daniels (1973) administered a GABA-inhibitor, 

b icu cu llin e , and examined the response properties o f single neurons in  

the ca t's  visual cortex, they found that the re c e p tiv e -f ie ld  properties  

of complex and hypercomplex ce lls  were dram atically a lte re d . Removal of 

GABA-mediated in h ib itio n  apparently transformed the more complex c e lls  

in  Hubei and W lesel's (1965) hierarchy in to  units w ith properties not 

d iss im ila r to those of an a ffe re n t f ib e r  from the LGB. The p a ra lle l in ­

put from LGB known to impinge on each category of c o rtic a l c e i l ,  from 

the simple to the hypercomplex (Stone, 1972), may thus provide an in f r a ­

structure over which the higher orders of complexity are superimposed by 

means o f in tra c o rt ic a l in h ib ito ry  mechanisms. I f  so, the response speci­

f ic i t y  characterizing c o rtic a l 'fe a tu re  detectors' would be determined,

in  the main, by in h ib it io n .

Only fu rth er study can estab lish  the s p e c ific  part played by cor-
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H artlin e 's  demonstration of la te ra l in h ib ito ry  in teractions  in  the eye

of Limulus, i t  has become habitual to  conceive of in h ib ito ry  function  

in  the visual system (and elsewhere) as subserving contrast and contour 

enhancement ( R a t l i f f ,  1972). To fa c i l i t a t e  the ensuing discussion of 

our find ings, we s h a ll follow  that precedent and regard the organization  

of ths LGB-evoked response sequence -  e x c ita tio n  (?) followed by in h i­

b it io n  and renewed e x c ita tio n  -  as a temporal expression or consequence 

of the s p a tia l properties of the system. Any m odifications o f the in h i­

b ito ry  period w i l l  hence be in terpreted  as an e ffe c t  p rim arily  on in te r -  

neuronal or s p a tia l contrast mechanisms.and, as such, on the response 

s p e c if ic ity  of c o rtic a l neurons. But mechanisms subserving s p a tia l con­

tra s t a ffe c t succeeding events. And the very process, in h ib it io n , which 

helps circumscribe or define the event in  space w i l l  define i t  in  time 

as w e ll. Hence a b r ie f  consideration of the ro le  of the in h ib ito ry  

period in  intraneuronal or temporal contrast follows next.

LGB Conditioning

LGB conditioning was implemented both to provide a basis of com­

parison (a 'c o n tro l')  fo r the influence of MRF a c tiv a tio n  as w e ll as 

to assess the e ffe c t of p r io r in h ib it io n  on the neuron's responsiveness 

to subsequent in pu t. This la s t  was to have confirmed thB r e a l i ty  of 

the putative contrast mechanism in  the temporal domain. Unfortunately, 

as has been noted e a r l ie r ,  the questionable nature of the i n i t i a l  spike 

responses in  th is  study has precluded such analysis . Where i t  is  known, 

however, that membrane hyperpolarization underlies the in h ib ito ry  pause, 

as is  the case for spike suppression generated by an LGB shock, i t  may 

be confidently  assumed that the u n it 's  responsiveness w i l l  be attenu­

ated. Polyanskii (1967) showed th is  was so in  neurons of the visual cor­
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tex whose e x c ita b il i ty  cycles he had studied in  waking rab b its . Plost 

visua l c o rtic a l neurons in  rabbits respond to l ig h t  flashes w ith a se­

quence of events id e n tic a l to the response we have describedi an early  

discharge followed by in h ib itio n  and a f a i r ly  long afterd ischerge.

When double flashes were administered a t increasing in te rv a ls , thB res­

ponse to the te s t flash  was in h ib ited  fo r some 90 msec, followed by a 

gradual period of recovery a t in te rva ls  of 90-130 msec. A fte r th is  pe­

riod  of recovery, the number of spikeB in  the tes t response increased 

above the contro l values, p rio r to a resto ration  of the o rig in a l values 

a t 200-250 msec. The time course of these modifications indicates that 

the in h ib ito ry  period does in  fa c t reduce the u n it ’ s responsiveness, 

while the afterdischarge apparently fa c il i ta te s  i t  -  evidence that a 

mechanism fo r (neura l) contrast enhancement is  in tr in s ic  in  the c o r t i­

ca l response to input.

Our resu lts  suggest that the e ffica cy  of th is  mechanism is  en­

hanced both by LGB s tim u li of increasing in ten s ity  as w all as by condi­

tio n ing  in  LGB a t the shorter in te rv a ls . The accuracy of th is  in te r ­

pre ta tion  is  underscored by von Bek^sy's (1967) repeated demonstrations, 

fo r several sensory m odelities, th a t strong s t im u li, or s tim u li w ith ra­

pid onset or increased frequency ( i . e . ,  short in terstim ulua in te rv a ls ) ,  

were required to produce la te r a l  in h ib it io n  behaviourally. Our resu lts  

w ith LGB conditioning are consistent w ith von Bekesy’s observations! 

as in terstim ulus in te rva ls  were reduced, that is ,  as stimulus frequency 

was e ffe c t iv e ly  increased, the consequent in h ib itio n  was lengthened.

Using d ire c t c o rtic a l s tim u la tio n , McLennan (1970) also reported 

th a t longer periods of in h ib it io n  ( fa r  longer than those seen in  the
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present work) followed tra ins  of s tim u li (a t 10-100 Hz) rather than 

single s tim u li. In te re s tin g ly , Libet e t  a l .  (1967) pointed out that 

the production of conscious sensation was more re a d ily  accomplished 

by re p e tit iv e  e le c tr ic a l s tim u li rather than by s ing le  shocks to the 

VPL or d ire c tly  to cortex, even when the single shocks were of fa r  

greater in te n s ity . Furthermore, the stimulus tra in s  had to be d e li­

vered a t re la t iv e ly  high frequencies (genera lly , a t 60 pulses per sec 

fo r .5  sec or longer) to ensure th e ir  effectiveness. I t  seems that the 

very conditions which favour the production of increased in h ib itio n , 

whether physio log ically  or behaviourally ascertained, also favour the 

conscious appreciation of s tim u li.

High-frequency a c tiva tio n  of thB MRF has long beBn associated 

w ith the production of behavioural a lertness, i f  not consciousness*.

A p a ra lle l may w ell ex is t between the ite ra t iv e  stim ulation needed for 

the conscious detection of s tim u li and the nature of the influence  

exerted through high-frequency a c tiva tio n  of thB MRF.

MRF-LGB In terac tio n

The expectation w b b  raised e a r l ie r  th a t, because of the higher 

thresholds and longer latencies associated with in h ib ito ry  processes 

in  cortex, a d iffuse  excitato ry  input such as that thought to arise  

from the MRF would allow in h ib ito ry  mechanisms to become more m anifest. 

This is  indeed the casei the LGB-evoked spike suppression was prolonged 

a fte r  MRF conditioning, but only a t low MRF in te n s itie s  or re la t iv e ly

*  Although the MRF is  no longer considered to be so le ly  responsible for 
the behavioural arousal continuum (Valenstein , .1969), , i t  s t i l l  is  thought 
to contribute to i ts  expression in  some undetermined way.
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long a fte r  i t  had been discontinued. Conversely, a t high MRF in te n s i­

tie s  and short MRF-S  ̂ delays* spike transmission was enhanced a fte r  the 

te s t stimulus. These findings are not suggestive of a d irec t re la tio n  

between the in ten s ity  of MRF ac tivatio n  of c o rtic a l in h ib ito ry  neurons 

and the effectiveness of th e ir  output.

The findings a t the b r ie f  MRF-LGB in terva ls  (or with the more in ­

tense MRF tra in s ) , where suppression was abbreviated, may be s u ff ic ie n tly  

w ell explained by a superposition or algebraic summation of the responses 

to the two inputs presented independently. But such summation of the two 

responses a t the longer MRF-LGB in terva ls  (or with the weaker MRF tra in s )  

cannot account fo r the observed prolongation of suppression seen a fte r  

the LGB shocki a t those in te rv a ls , MRF a c tiv a tio n  alone s t i l l  enhanced 

the degree of the resting or maintained c o rtic a l discharge. Enhancement 

(MRF-gensrated) plus suppression (LGB-generated) do not equal longer sup­

pression. Rather than a passive convergence of the spec ific  and extra­

v isua l inputs a t some point in  the system, an in te ra c tiv e  re la tio n  must 

be responsible fo r the prolonged suppression a t the longer MRF-LGB in te r ­

vals (and with the weaker MRF tra in s ).

Several mechanisms may underlie th is  in terac tio n ! (1) an exhaustion 

of synaptic transm itters due to p rio r fa c i l i ta t io n ;  (2 ) d e fa c ilita t io n ;

(3 ) postsynaptic in h ib itio n  follow ing MRF a c tiv a tio n , manifesting i t s e l f  

most c le a rly  in  the e x tra c e llu la r  record through in terac tion  w ith spe­

c i f ic  input. In tra c e llu la r  recording might read ily  resolve the issue 

but • to our knowledge, has not as yet* been' conducted in this area of inves­
tigation. Furthermore, as the p la u s ib il ity  of each of these hypotheses 

is  evaluated In  tu rn , i t  ought to become evident that the e x tra c e llu la r  

record i t s e l f  indicates that the la s t  of these is  the leas t suspect.

The p a rtic u la r temporal pattern almost in variab ly  produced by the 

MRF-LGB in teractions (w ithout regard to c o rtic a l layer or type o f u n it



101

sampled*), namely, the i n i t i a l  c u rta ilin g  of suppression followed by its  

extension, suggests a possible explanation. I t  im plies that the high 

degree of fa c i l i ta t io n  i n i t i a l l y  generated by MRF ac tiva tio n  perhaps 

exhausted the synaptic transm itters , or caused a form of presynaptic 

in h ib it io n , which expressed i t s e l f  in  the consequent lengthening of the 

duration of spike suppression. Several findings m ilita te  against th is  

in te rp re ta tio n . The most pertinent is  the observation that lo w -in ten sity  

MRF a c tiv a tio n , which most e ffe c t iv e ly  prolonged the duration of Bvoked 

in h ib it io n , hardly generated any fa c i l i ta t io n  of the maintained discharge 

(F ig . 15 ). This condition (weak MRF a c tiv a tio n ) would be less l ik e ly  to 

exhaust synaptic transm itters than would strong MRF a c tiv a tio n , yet i t  

was the weak a c tiv a tio n  which had the more powerful in h ib ito ry  in fluence. 

On one ocsasion, moreover, a single MRF conditioning shock was used 

(again, a weaker stimulus than the longer t r a in ) t  the only observed 

e ffe c t was a prolongation of suppression a t a l l  in terstim ulus in terva ls  

tested (data in  Table IX ) . I t  is  thus u n like ly  th a t prolongation of 

spike suppression seen a t the longer MRF-Ŝ . delays was a d ire c t conse­

quence of the p rio r fa c il i ta to r y  action , One must look toward other ex­

planations.

When the LGB shock was presented alonB, and i ts  in ten s ity  was aug­

mented, increasing periods of in h ib itio n  were o rd in a rily  succeeded by 

correspondingly higher degrees of afterd ischarge. This re la tio n  between 

in h ib itio n  and afterdischarge was subverted by MRF conditioning (and 

sometimes by LGB conditioning as w e ll) .  With MRF conditioning, the 

shorter suppression periods were followed by the higher rates o f a f te r ­

discharge. S ig n ific a n tly , the longer suppression periods were ra re ly

*  Since most of our units exhibited a d is tin c t resting  discharge, our 
sample of units could not have included many 's im ple' c e lls  (Henry and 
Bishop, 1971).
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followed by a corresponding diminution of the degree of afterdischarge -  

an observation which tends to undercut the d e fa c ilita t io n  hypothesiei 

fo r i f  d e fa c ilita t io n  manifested i t s e l f  in  the prolongation of suppres­

sion, a corresponding attenuation of the immediately succeeding a fte rd is ­

charge might have been an tic ip ated . Furthermore, since MRF alone s t i l l  

fa c il i ta te d  the neuron's discharge a t these longer in te rv a ls , d e fa c il i ta -  

tion  would have had to be caused by an in te ra c tiv e  re la tio n  between the 

MRF and LGB inputs. The lack of symmetry in  the re la tio n s  between sup­

pression and afterdischarge further a ttes ts  to the operation of d iffe re n t  

mechanisms a t the short and long interstim ulus in te rv a ls . Moreover, the 

high degree of v a r ia b ili ty  seen a t the 't ra n s it io n a l ' in te rv a l (ca 50 

msec) may signal the onset o f the n o n -lin earity  suggested by the pro­

longation of suppression. I f  the 'tra n s it io n a l ' in te rv a l does in  fac t 

re f le c t  the onset of an in te ra c tiv e  re la tio n  between the responses to 

MRF and LGB inputs, then a thorough evaluation of MRF influences a t the 

longer in terva ls  -  a r a r i ty  in  the m ajority of u n it studies conducted 

in  the area -  would appear indispensable fo r a determination of the 

mechanisms involved.

I f  neither the 'synaptic exhaustion* nor the d e fa c ilita t io n  hypo­

thesis is  persuasive, we are le f t  with the p o s s ib ility , fo r which there 

appears to be no negative evidence, th a t some underlying in h ib ito ry  process 

must have developed follow ing MRF a c tiv a tio n , to surface in  the observed 

prolongation of spike suppression a t the longer in te rv a ls , but only when 

in h ib itio n  had f i r s t  been triggered by s p e c ific  input. In  other words, 

the MRF may exert an in h ib ito ry  e ffe c t on the c o rtic a l u n it, an e ffe c t  

possibly independent of the LGB-evoked in h ib itio n  (witness the suppression 

of the c o rtic a l u n it 's  maintained discharge a t r e la t iv e ly  long delays) 

but often made m anifest, in  the e x tra c e llu la r  record, only in  conjunction
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with the LGB-evoked response.

Time seems to be essentia l fo r  the e laboration of re tic u lo c o rtic a l 

in fluence. The long latencies reported in  the li te ra tu re  and often ob­

served in  th is  work as w ell (as long as 50-100 msec from the beginning of 

the PIRF t r a in * )  fo r the onset of re tic u la r  e ffec ts  in  visual cortex havs 

not been accounted fo r to date. Other than the time possibly required 

fo r the m anifestation of the physiological e ffec ts  of ite ra t iv e  stim ula­

tio n , the long latencies suggest the existence of a rather in d ire c t path­

way to cortex. There have been intim ations of massive mesencephalic in ­

put in to  cortex of extremely fin e  unmyelinated fib ers  whose diameters

are so small as to be almost beyond the reso lution of the l ig h t  micro­

scope (e .g . ,  C u rtis , 1972, in  Discussion, p .322). These would presumably 

subserve very slow conduction. However, many authors, including Szenta- 

gothai (1973), have expressed reservations about the evidence for such 

d ire c t PIRF input in to  the visual cortex.

Ulhile the evidence for d ire c t PIRF projections to the LGB is  more

substantia l (Bowsher, 1970), the same problem of time arisest the la ten­

cy of the LGB response to PIRF a c tiva tio n  is  of the same order of magni­

tude as the latency of the c o r tic a l response (see Tatton and Crapper,

1972). This fa c t does not ru le  out a mediation by LGB of thB re tic u lo ­

c o rtic a l e ffe c ts , but i t  does decrease the like liho od  that the LGB is  

the sole interm ediary. Although numerous workers have investigated the 

PIRFfs influence on LGB neurons, few have provided data that are fu l ly  

compatible w ith , or that would adequately account fo r , the observations 

we have made a t cortex. For example, both Satinsky (1960) and Tatton

* The reference is  to the onset of the PRF*s enhancement of the c o rtic a l 
u n it 's  resting  discharge frequency. The longer la tencies observed in  
th is  study include the occasional suppressive e ffe c t  seen p rio r to such 
enhancement (see R esu lts ).
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end Crapper (1972) observed dual e ffec ts  in  LGB neurons follow ing PIRF 

a c tiv a tio n . Their observations, however, were la rg e ly  derived from the 

resting  (ra th er than the evoked) a c t iv ity  of LGB u n its . Furthermore, 

th e ir  dual e ffec ts  were not confined to a p a rtic u la r sequence -  some 

units exhibited an i n i t i a l  suppression followed by fa c i l i ta t io n ,  and 

vice versa.

Singer and Drager (1972) examined the e ffec ts  of MRF a c tiva tio n  

on in tra c e llu la r  responses in  LGB to stim ulation  of the optic tra c t (0T ). 

When a stimulus to  MRF was administered 60-200 msec p rio r to the 0T shock, 

the hyperpolarization follow ing the LGB action p o ten tia l was reduced in  

amplitude and duration . No mention was made of any MRF e ffec ts  on the 

LGB response preceding the 60-msec in te rv a l. However, in  discussing the 

e ffec ts  of MRF ac tiv a tio n  on the resting  a c t iv ity  of LGB nBurons, Singer 

and Drager mentioned that a s lig h t f ir in g  ra te  decrease was occasionally  

observed immediately (20-60 msec) a fte r  the MRF stim ulus. These data 

suggest a passible basis fo r our observations a t cortex, in  being uni­

d ire c tio n a l (although opposite in  s ign )t in h ib itio n  (7 ) preceded fa c i­

l i t a t io n  in  th e ir  study.

The MRF's influence on the LGB is  undoubtedly re flec ted  a t  cortex.

But in  order to strengthen the case fo r the LGB as sole intermediary 

fo r the re tic u lo c o rtic a l e ffe c ts , a study (preferab ly  in tra c e llu la r )  

would have to be conducted, using id e n tic a l stimulus parameters or con­

current recording fo r LGB and cortex. Furthermore, an in te ra c tiv e  re la ­

tio n  between the MRF and visual inputs, such as that observed a t  the 

longer in terstim ulus in te rv a ls  fo r c o rtic a l u n its , would have to be 

discerned a t  the le v e l o f the LGB. In  sum, given the amount of d iver­

gent data, ths in terven tio n  of add itional structures is  more than l ik e ly  

-  a consideration in s u ff ic ie n tly  explored in  the l i te r a tu r e .
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One such structure is  the nucleus re tic u la r is  of the thalamus 

(henceforth abbreviated NRT). The NRT is  situated over the surface of 

dorsal and metathalamus such that most thalam ocortical and corticotha­

lamic fib ers  must traverse i ts  dend ritic  fie ld s  to reach th e ir  destina­

tions (Scheibel and Scheibel, 1966* 1967a, 1967b). The Scheibels have 

speculated that the NRT is  s tra te g ic a lly  located to perform the gating  

or f i l t e r in g  function considered necessary by them for mechanisms sub­

serving a tte n tio n . Data have accumulated over the past several years 

tending to support th e ir  point of view (see Schlag and Ulaszak, 1970,

1971; Ulaszak, 1974).

In i ts  dorsal le a f ,  the MRF sends a major output to the NRT, i ts  

influence being in h ib ito ry  (Y ingling and Skinner, 1975; Skinner and Ying- 

l in g , 1976). NRT neurons display a f ir in g  pattern which is  the converse 

of the pattern observed in  the sp ec ific  thalamic nuclei (Schlag and Was- 

zek, 1970). I t  has been postulated that the NRT output to thalamic 

structures is  in h ib ito ry  (see Schlag and Ulaszak, 1970). Hence ac tiva ­

tion  of the MRF would set up a complex series of events in  NRT, LGB, 

and, as a re s u lt , in  visual cortex as w e ll. To complicate matters fu r ­

th e r, there remains the question of the MRF's ventral le a f (Scheibel 

and ScheibBl, 1967b) and i ts  possible influence -  a lb e it  in d ire c t -  on 

visual cortex. Several studies have shown a dissociation between the 

MRF's e ffec ts  on LGB and visual cortex. Among these, Tatton and Crapper 

(1972) have reported th a t, although the MRF stimulus lo c i which produced 

a lte ra tio n s  a t both LGB and cortex overlapped, the LGB lo c i were circum­

scribed w ith in  a more widespread region mediating c o rtic a l desynchroni­

zation! "The locations a t  which the TG /tegm enta l-gen icu la te / a lte ra ­

tions were obtained constitu te  a more lo ca lized  region w ith in  the larger 

mesencephalic area mediating /c o r t ic a l /  'a le r t in g ' . " (p . 363).
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Our records for WRF alone often exhibited a bimodal d is tr ib u tio n  

of spikes. Such a pattern  may re f le c t  e ith e r a series of complex in te r ­

actions elaborated in  time over a c irc u it  such as th a t described above 

fo r the NRT. Or i t  may re f le c t  the modulation of c o r tic a l events by 

several input pathways, w ith d if fe re n t numbers of in terpo lated  synapses.

A ll  of these p o s s ib ilit ie s  await in ves tig a tio n .

Our electrodes were s ituated la rg e ly  in  the region of the nucleus 

cuneiformis which extends rostro -caudally  through the en tire  mesencepha­

lon ju s t below the tectum (Taber, 1961). This region has been described 

as re la t iv e ly  u n d iffe ren tia ted , w ith considerable d end ritic  overlapping 

and c h a rac te ris tic  interm ingling of dendrites and passing fib ers  (Ramon- 

ffloliner and Nauta, 1966). Thus stim ulation in  th is  region could hardly 

avoid a c tiv a tio n  of both local neurons and passing fib e rs . Although 

"the re tic u la r  core has f in a l ly  begun to outlive  i t s  image as a mindless 

monolith" (Scheibel and Scheibel, 1977), Ramon-ffloliner and Nauta (1966) 

have designated i t  the " isodendritic  core of the brain stem," i ts  mor­

phological features regarded by thBm as " ju s tify in g  a unitary concept 

even in  the absence of any physiological data"(1966, p. 320) which are, 

of course, abundant,

"Isodendritic" neurons are characterized by multimodal inputs 

(Ramon-ffloliner and Nauta, 1966). The c la ss ica l schema of c o lla te ra l in ­

puts in to  the MRP from primary sensory pathways, resu lting  in  both 'spe­

c i f i c '  and 'nonspecific ' ac tiva tio n  of cortex, has been questionable fo r  

some time. A number of investigators have been unsuccessful in  th e ir  

search for c o lla te ra ls  from, fo r example, the optic  pathways. Vet mul­

timodal sensory, as w ell as motor, inputs are known to converge upon the 

fflRF (e .g . ,  Amassian and Devito, 1954; B e ll e t a l . ,  1964; Scheibel and 

Scheibel, 1977). Wore recen tly , a schema of a d if fe re n t order has
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emerged, to some extent as a re su lt of investigations on the vertebrate  

tectum (see Ingle and Sprague, 1975j Scheibel and Scheibel, 1977). Portions 

of the MRF and the deeper layers of the mammalian superior co llic u lu s  

may be viewed as a m inibrain -  w ith overlapping sensory and motor maps 

furnished by c e n trifu g a l fib ers  specialized fo r  stimulus lo c a liza tio n !  

a s e m i-fin a l common path of sorts which guides the orienting-escape  

continuum of the mammal's behaviour (see Ingle and Sprague, 1975; Schei­

bel and Scheibel, 1977). Stim ulation of c o llic u lu s  and the MRF w i l l  

cause the animal to o rien t (Fuster and Uyeda, 1962; Ingle and Sprague, 

1975). Schaefer ( in  Ingle and Sprague, 1975) demonstrated th a t stim ula­

tin g  c o llic u lu s  w i l l  cause the normal or decorticate  cat to orien t 

toward the appropriate s p a tia l locus a t low stimulus in te n s itie s  and 

to escape a t  the higher in te n s it ie s . Thus, o rien ting  and increased in ­

h ib it io n  a t  cortex may w ell be correlated; and increased in h ib itio n  pre­

sumably sharpens and shapes sensory mechanisms a t the c o rtic a l le v e l. 

Escape, on the other hand, would be associated w ith decreased in h ib it  

tio n  -  w ith fa c i l i ta t io n ,  in  fa c t, a t cortex, and c le a rly  with f a c i l i t a ­

tio n  o f the motor output as w e ll. Our study can be viewed as having 

examined the a c t iv ity  of th a t portion of the cortico-mesencephalic- 

c o rtic a l loop subserving the outcome of the mesencephalon's choice bet­

ween o rien tin g  and escapei th a t is ,  i t s  choice between staying put, w ith  

i ts  attendant analysis of the environment, and ac tio n , a t the expense of 

analysis . The follow ing discussion elaborates th is  viBw.

As we have in terpreted  the c o r t ic a l response to an LGB shock, the 

period of spike suppression or in h ib itio n  mainly re fle c ts  the neuronal 

in teractions  which lead to the establishment o f contrast and response 

s p e c if ic ity  in  the lo ca l neuronal pool. When MRF (or SCi see Appendix A) 

ac tiv a tio n  reduced the in h ib ito ry  period, not only was 'contrast* reduced 

but, as a re s u lt , the configuration of the te s t response (the sequence
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of e x c ita tio n , in h ib it io n , and renewed e x c ita tio n ) often lo s t i t s  d is ­

t in c tiv e  character. This is  evident in  Figs. 14 and 22 uihere the spike 

d is tr ib u tio n  a t  the shortest interstim ulus in te rv a l resembles the h isto ­

gram generated by the conditioning stimulus per se much more than i t  does 

the response d is tr ib u tio n  to the tes t shock. As noted e a r l ie r ,  th is  

la s t  could have resulted from a simple superposition of the two response 

d is tr ib u tio n s . Conversely, the longer in terv a ls  and weaker MRF s tim u li 

tended to enhance the d istinctivsness of the response to an LGB shock.

The various components of the response became s t i l l  more c le a rly  demarcated, 

e ith e r  through lengthening of the in h ib ito ry  period or, occasionally, 

through a marked skewness of the afterdischarge d is tr ib u tio n  (as in  thB 

lower l e f t  histogram in  Fig. 1 4 ). When two levels of in ten s ity  were used 

fo r the te s t shock, contrast was enhanced most dram atically for the weaker 

tes t stimulus.

Without knowing which aspect of the u n it's  response 'encodes' the 

stim ulus, i t  would appear to be rash to assume that fa c i l i ta t io n  of spike 

transmission by the MRF necessarily improves sensory processing. Several 

authors, Evarts (1961) among them, have proposed that enhancement of in ­

h ib ito ry  a c t iv ity  may in  fac t improve the s ignal-to -no ise  ra tio  in  neural 

processing. S ig n ific a n tly , the fa c i l i ta t io n  brought about by MRF ac tiva ­

tio n  has been seen to obscure otherwise clearcut responses to re p e tit iv e  

photic flashes (N arikas h v ili e t a l . ,  1966).

The standard experiments c ited  as evidence for thB  MRF's positive  

contribution  to sensory processing are those of Lindsley (1958) and Fus- 

te r  (1958* Fuster and Uyeda, 1962). Lindsley demonstrated an enhanced 

tes t response when dual photic flashes, separated by an in te rv a l of 50 

msec, followed MRF a c tiv a tio n . Fuster and Uyeda reported that MRF a c t i­

vation improved monkeys* performance on a tachistoscopic discrim ination  

task. However, L indsley's resu lts  were obtained only a fte r  MRF ac tiva tio n
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had been discontinued and not during its  implementation*

Fuster and Uyeda c a re fu lly  pointed out that they had used an MRF tra in  

a t low in te n s ity  a fte r  Fuster's (1958) report of impaired performance 

a t high MRF in te n s it ie s . Thus the MRF parameters in  both sets of expe­

riments were those that tended to lengthen evoked in h ib itio n  in  our 

study. I t  appears th a t thBre is  no substantia l evidence that a gene­

ra lize d  fa c i l i ta t io n  of spike transmission in  cortex, effected  by the 

MRFf is  responsible e ith e r  fo r the enhanced recovery cycle of gross po­

te n tia ls  or for the improved behavioural performance of Fuster'a monkeys. 

There is  some evidence, on the other hand, th a t the normal waking 

state -  to which the MRF is  thought to contribute -  is  associated with  

a prolongation of evoked in h ib itio n  in  cortex. This was shown by Evarts 

(1961) fo r  the c o rtic a l e x tra c e llu la r  response evoked by a shock to thB 

optic rad ia tion s . The evoked in h ib ito ry  period was longer during wake­

fulness than during sleep, in  the unrestrained c a t. Evarts q u a lified  

th is  observation by pointing out th a t the waking state he had studied 

d iffe re d  from the s ta te  of intense arousal which may follow strong e le c ­

t r ic a l  stim ulation of the re tic u la r  formation. Furthermore,

One facto r which has an important bearing on patterns of 
neuronal discharge during waking is  the amount of sensory stimu­
la tio n  which the cat is  rece iv ing . I f  one records un it a c t iv ity  
from the visual cortex during sleep when thB ca t's  eyes are 
closed, and during arousal when the cat has suddenly opened i ts  
eyes and looked about, one frequently  finds that arousal is  asso­
c ia ted  with a burst of a c t iv ity .  On the other hand, when the 
sensory input is  re s tr ic te d  during both waking and sleep, a majo­
r i t y  of units show decreased spontaneous a c t iv ity  upon arousal. 
. . .  In  the waking conditions of the present experiments, the 
cats have been in  the soundproof experimental room a number of 
times, have been fa m ilia r ize d  w ith th e ir  environment, and appear 
to be uninterested in  th e ir  surroundings. (EvartB, 1961, in  Dis­
cussion on p. 184 .)

In  e f fe c t , depending upon whether the anim al's waking state  was more or

less a le r t  or aroused, opposing resu lts  were observed fo r the resting
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c o rtic a l discharge* corresponding to our observations on the c o rtic a l 

response to  Input.

Bradley (1961* in  Discussion on p. 163) noted that s tim ulation of 

the re tic u la r  formation a t  threshold in ten s ity  produced wakefulness* 

while supralim inal s tim u li tended to induce a s ta te  of excitement or 

escape reactions. Several Investigators have shown the d isruptive im­

pact of h ig h -in ten s ity  MRF stim ulation  in  both the behavioural (e .g .*  

Sterman and F a irch ild * 1967) and neuronal domains. Verzeano (1961* in  

Discussion on p. 163)* fo r  example* found that increasing the in te n s ity  

of IflRF tra in s  (a t  200-300 Hz) to 4 volts amplitude (precisely  our para­

meters fo r the temporal condition) resulted in  a disruption of the pro­

pagation of u n it a c t iv ity *  as monitored by m ultip le  microelectrodes.

The same neuronal events were observed* moreover* when the animal was 

excited* even when no a r t i f i c i a l  stim ulation had been administered.

The p a ra lle l suggested by the above findings between ths physio­

lo g ic a l events and the well-known behavioural expressions of the arou­

s a l continuum needs l i t t l e  e laboration . Moderate levels  o f arousal 

are characterized by optimal behavioural performance (fo r  most tasks)* 

w hile the lowest and highest arousal levels are associated with beha­

vioural d isruption* a lb e it  fo r d if fe re n t reasons a t the low (sleep) 

and high ends of the continuum. I t  is  tempting to view the MRF e ffects  

on c o rtic a l units a t  the lower in te n s itie s  and longer in terstim ulus in ­

terva ls  in  th is  study as resembling neuronal a c t iv ity  during moderate 

arousal; and the MRF's e ffec ts  a t the higher in te n s itie s  and shorter 

in te rva ls  as 'd is ru p t iv e .* The temptation is  magnified both by our 

resu lts  showing an inverse or 'in verted -U ' re la tio n  when MRF in te n s ity  

was varied and by the prevalent in te rp re ta tio n  o f evoked in h ib itio n
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as subserving a c leare r representation of in put. The conditions giving  

r is e  to enhanced neuronal contrast and response s p e c if ic ity  would thus 

be located a t the lower to moderate regions of the arousal spectrum, 

while those reducing contrast and s e le c tiv ity  would be found w ith in  the 

range of high arousal (and sleep)t a re la tio n  that is  read ily  tested 

in  ths unrestrained or unanaesthetized animal.

I f  enhanced contrast and s e le c tiv ity  are b en e fic ia l for sensory 

processing, can reduced contrast (the 'd is ru p tio n ' re ferred  to above) 

have i ts  own u t i l i t y ?  I t  is  help fu l to remember that in te n s ific a tio n  

of contrast in  the nervous system is  achieved a t a cost, and that is  a 

loss of inform ation, of d e ta il ,  and of s e n s it iv ity . Conversely, a t te ­

nuation of in h ib it io n , reduction of contrast, is  often associated with  

a heightened s e n s it iv ity  (see, e .g . ,  Brooks and Jung, 1973, p. 399). 

In te re s tin g ly , Pettigrew and Daniels (1973) showed that removal of 

GABA-mediatsd in h ib itio n  resulted in  a marked increase in  the complex 

c e ll 's  resting and evoked a c t iv ity  -  th is , alongside i ts  loss of selec­

tiv e  responsiveness.

The hypothesis that the fflRF increases discrim inative power through 

lengthened in h ib itio n  on the one hand, and s e n s it iv ity  through reduced 

in h ib itio n  on the o ther, is  testable in  both the physiological and be­

havioural domains -  although most convincingly, and with greatest d i f ­

f ic u lty ,  in  the la t t e r .  The behavioural context fo r which a high arou­

sal accompanied by increased s e n s it iv ity  would be appropriate -  even 

at the expense of discrim inative accuracy -  is  described by unfam ilia­

r i t y  and th rea t. The deta iled  reg is tra tio n  of edges and contours is  

less to the po in t, in  such circumstances, than the detection and lo c a l i ­

zation of sudden movements, especia lly  those in  the periphery of v is ion .
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Enhancement of spike transmission by the fflRF would fa c i l i ta te  ju s t that 

response component -  the i n i t i a l  spike burst -  which, according to von 

Bekesy (1967), subserves stimulus lo c a liza tio n .

The in i t i a l  spike burst is  also the mark of the excitato ry  recep- 

t iv e - f ie ld  center. Enlargement of that center through PIRF ac tivation  

would s ig n ify  an increased s e n s it iv ity  (o r impaired reso lu tio n ); i ts  

reduction would represent the converse. PIRF ac tivatio n  has already been 

shown to enlarge receptive f ie ld s  in  the LGB -  under scotopic conditions, 

and w ith f ie ld s  la rg e ly  beyond the area cen tra lis  (pieulders and God- 

fra in d , 1969). The existence of d iffe re n t c e l l  groupings in  the re tin a , 

and th e ir  d is tin c t cen tra l projections (Fukuda and Stone, 1974), raises  

the question of d if fe re n t ia l  PIRF e ffec ts  on these c e lls . The question 

is  of p a rtic u la r in te re s t since the slow-conducting X -c e lls , concen­

trated  in  the area c e n tra lis , are thought to mediate high visual reso­

lu tio n , while the fast-conducting Y - c b 1 1 s  are probably important for 

peripheral v is ion. Area 18 receives input only from the Y -ce lls  and 

th is  fa c t may account for Orem and Feeney*s (1971) report on a ro s tro - 

caudal d ifference in  PIRF e ffec ts  on visual cortBx (see Review of the 

L ite ra tu re ).

Parameters other than a lte ra tio n s  in  re c e p tiv e -fie ld  size might 

also be used to illum in ate  the question of PRF influence on s e n s it iv ity  

as vs. resolution! decreased d ire c tio n a l s e le c tiv ity , fo r example, 

would s ig n ify  an increased s e n s it iv ity  but an impaired d iscrim inative  

function for a p a rtic u la r  neuron (see Robertson, 1965). Contrast th re ­

sholds o f grating patterns could be examined under d iffe re n t levels  of 

arousal and the sharp tuning to s p a tia l frequency charac te ris tic  of neu­
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rone in  the visual cortex (Campbell* 1974) could be evaluated fo r a lte ­

rations induced by fflRF a c tiv a tio n ! both would provide an in d ication  of 

changes in  in h ib ito ry  function with variations in  arousal or e lec tro co r-  

t ic a l  a c tiv a tio n . But only a study in  which both neuronal and behavioural 

measures were undertaken concurrently could substantiate our cen tra l 

thes is i th a t s ig n ific a n t chaDacteristica of e le c tro c o rtic a l a c tiv a tio n  

and aeousal* p a r t ic u la r ly  those associated w ith sensory d iscrim ination* 

depend fo r th e ir  optimal expression on an increment in  in h ib ito ry  func­

tio n  in  cortex.

I f  the degree of in h ib ito ry  p a rtic ip a tio n  in  c o rtic a l a c t iv ity  

can be and is  regulated in  some generalized fashion by the fflRF, the im­

p lica tions  of such regulation are necessarily broad. Our findings may* 

fo r example* be re levan t to such re frac to ry  c lin ic a l e n tit ie s  as e p i­

lepsy and pain.

Some types of seizures are thought to re s u lt from a fa ilu re  of 

in h ib ito ry  control (Kuhnt and C reutzfe ld t* 1971), The incidence of 

seizures is  associated* moreover* w ith arousal in  tending to occur more 

frequently during sleep and under stress ( i . e . *  a t both Bnds of the 

arousal continuum). Attempts have been made to tre a t e p ile p tic  condi­

tions w ith e le c tr ic a l stim ulation  of diverse C.N.5. structures* with  

varying degrees of success. Our findings indicate th a t* should fflRF 

stim ulation  be undertaken to enhance in h ib ito ry  a c t iv ity *  both i t s  pa­

rameters and the nature of i t s  re la tio n s  with other s tim u li cannot be 

neglected. Frequency of v isual stim ulation is  known to be an important 

parameter fo r seizure induction. In  th is  connection* we have seen that 

fflRF conditioning completely reversed the slope o f the dual LGB function
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(F ig . 1 9 ), thus e ssen tia lly  reversing the e ffe c t of stimulus frequency 

in  the visual pathway. The force of fflRF conditioning superseded the 

influence of a conditioning stimulus in  the sensory pathway. Hence the 

regulation of contrast or in h ib itio n  for any given stimulus configuration  

appears to be dominated by concurrent a c t iv ity  in extrav isual structures  

rather than by p rio r events in  the genicu lostria te  system i t s e l f .  This 

must mean that neural mechanisms subserving temporal phenomena, such as 

the CFF, ought to be investigated in  the awake, functioning organism. 

Otherwise, spurious resu lts  are l ik e ly  to be obtained, depending upon 

the degree of fflRF involvement in  the preparation studied.

The p a rtic u la r lin k  between arousal and its  regulation of in h ib i­

tion  here postulated may also be consonant w ith the production of anal­

gesia through stim ulation of midbrain structures (Balagura and Ralph, 

1973j fflayer e t a l . ,  1971} fflelzack, 1973} Reynolds, 1969). Although a 

d isq u is itio n  on th is  la s t  is  beyond our purview, i t  should be notBd that 

our resu lts  were obtained through stim ulation of the region of the cent­

ra l tegmental t ra c t , adjacent to the cen tra l grey, the very region where 

stim ulation effected a marked analgesia in  Reynolds' (1969) study. Fur­

thermore, to achieve th e ir  Analgesic e ffe c ts , Balagura and Ralph (1973) 

applied a low -in ten sity  stimulus to the mesencephalon.

In  conclusion, the orderliness of our findings suggests th a t, in  

selecting evoked in h ib itio n  as our dependent va riab le , we have located  

the c o rtic a l mechanism most susceptible to fflRF regulation . The fflRF's 

signal contribution to c o rtic a l function may reside in  i ts  regulation  

of c o rtic a l in h ib itio n .
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SC-LGB In terac tio n  and Photic Test Stimulus

The electrode placement in  superior c o llic u lu s  (SC) -  a t A2.0 

in  F ig , 20 -  was intended fo r it»  in  view of Tatton and Cropper's

(1972) observation that the most dorsal midbrain point a t which they 

had obtained c o rtic a l a le r t in g , w ith no concomitant a lte ra tio n s  in  LGB, 

corresponded to the ventral portion of the deep layer of the superior 

c o llic u lu s . The deep layers of SC are thought to be in tim ate ly  re la ted , 

both functiona lly  and morphologically, to the underlying MRF (In g le  and 

Sprague, 1975).

Several studies have demonstrated the s im ila r ity  of conditioning  

in  SC and fflRF on the gross c o r tic a l response to visual input (e .g . ,

Brown and Marco, 1967} Chalupa e t a l , ,  1973), In  our study, although 

the e ffe c t on the spike frequency d is trib u tio n s  of the same c o rtic a l  

u n it was not id en tic a l a f te r  a c tiva tio n  of these structu res, a pronounced 

degree of enhancement was observed for both. Two curves fo r SC-LGB 

in terac tio n  were plotted as in  F ig , 22. They confirmed the s im ila r ity  

of MRF and SC conditioning a t the u n it le v e l. Furthermore, the h is to ­

grams demonstrate that the in h ib ito ry  e ffe c t ( i . e . ,  the prolongation of 

spike suppression) is  as prominent, i f  not more so, w ith  SC conditioning! 

the periods of suppression were markedly extended, a t shorter in te r s t i ­

mulus in te rv a ls .

Two add ition a l units were monitored w ith SC conditioning and a 

long photic flash as the te s t stimulus. Remarkably s im ila r resu lts  were 

obtained using photic s tim ulation , as is  evident in  F ig . 23t For the 

te s t stimulus alone (upper le ft-hand  histogram), there were very b r ie f ,  

barely d iscern ib le , periods of discharge suppression shortly  a f te r  both
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Fig . 22. Influence of conditioning in  superior co llicu lu s  (SC) 

on LGB-evoked spike suppression. The ip s i la te ra l fflRF had been 

fulgurated a t 0 ,5  mamp for 25 sec p rio r to SC stim ulation .
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Fig , 23, Influence of c o ll ic u la r  (SC) conditioning on Bpike 

suppression (and i t s  latency) e l ic ite d  by a photic stim ulus. 
The arrows beneath the oscilloscope tracings indicate  the end 

of the SC tra in , while the on- and o ffs e t of the photic s t i ­
mulus are depicted in  the square waves on the trac ings.
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the onset and cessation of illu m in atio n  (which lasted 450 msec).

These periods of suppression to l ig h t  alone might not have been iden­

t i f ie d  as such had the e ffe c t of SC conditioningy where the suppression 

became prominent, not been examined. Suppression to the photic flash  

occurred with a minimum latency of 30 msec. A reciprocal re la tio n  was 

obtained between the duration o f suppression and i ts  onset latency  

(same f i g . ) .  The afterdischarge was not re a lly  d iscern ib le  a fte r  the 

photic stimulus, nor was i t  made more manifest by the SC conditioning.



APPENDIX



TABLE I 

LGB ALONE

Probable % Suppression
C at/Unit A-P/L* Depth Locus Halothane Duretii

271/1 A3/L3 17.0d* m* 0.5 60
271/2 A3/L3 17.2d n 0.5 50
274/1 A3/L2.5 1.3d c 0.5 185
274/2 A3/L2.5 2.2d c 0.5 162
274/4 A2/L2.5 4.0d Ujfll 0.5 100
275/1 A4/L2.5 2,0d C 0.5 25
275/2 A4/L2.5 2.2d C 0.5 47
275/3 A4/L2.5 1.2d c 0.5 60
275/6 A4/L2.5 1 7 .Od m 0.5 0
281/1 A4/L3 3.1d u/m 0.8 0
281/2 A4/L3 5.3d wm 0.8 0
281/4 A4/L3 2.8d ujm 0.8 100
287/1 A3/L2.5 1 3 .Od m 0.75 7
294/1 A3/L2.5 2,4d c 0.5 155

296/1 A3/L2 1 «6d c 0.33 183

296/2 A3/L2 1.6d c 0.33 55
296/3 A3/L2 2.7d c 0.33 140

302a/l A3/L2.5 -------- — — 175
302a/2 A3/L2.5 3.0d ujm — 212

315/1 A1/L2.5 5.7d u/m 0.8 80

315/2 A2/L2.5 15 .7p m 0.8 90

315/3 A2/L2.5 1.5p c 0.8 155

315/4 A2/L2.5 0.65p c 0.8 160

315/5 A2/L2.5 0.63p c 0,8 233

316/1 A4.5/L2 3.25p c 1.0 175

316/3 A4.5/L2 12.7p m 1.0 105

316/4 A4.5/L2 1.59p c 1.0 90

316/5 A4.5/L2 1.56p c 1.0 215

316/6 A4.5/L2 1.50p c 1.0 185

316/7 A2/L2.5 1.9p c 1.0 0

*  See legend follow ing Table.



Cat/U nit Daoth

316 /0 A 2 /L 2 .5 9 . Op

3 16 /9 A 2 /L 2 .5 9 ,1 p

316 /10 A 2 /L 2 .5 1 5 .Op

316 /12 A 2 /L 2 .5 4 ,7 p

316 /13 A 2 .5 /L 5 0 .75p

319/1 A 4 .5 /L 2 .5 3 . 3p

319 /2 A 4 .5 /L 2 .5 3 .5p

319 /3 A 4 .5 /L 2 .5 3 .6p

319 /4 A 4 .5 /L 2 .5 3 .7 p

320/1 A 4 .5 /L 2 2 .2p

320 /2 A 4 .5 /L 2 2 .7p

320 /3 A 4 .5 /L 2 1 4 .0p

320 /4 A 4 .5 /L 2 1 5 .6p

320/1 A 3 .5 /L 2 .5 2 .2p

320 /2 A 3 .5 /L 2 .5 4 . Op

320 /3 A 3 .5 /L 2 .5 1 5 .3p

320 /4 A 3 .5 /L 2 .5 1 6 .2p

320 /5 A 3 .5 /L 2 .5 1 .45p

320 /6 A 3 .5 /L 2 .5 1 .36p

320 /7 A 2 .5 /L 2 .5 3 .75p

320 /0 A 2 .5 /L 2 .5 3 .62p

320 /9 A 2 .5 /L 2 .5 3 .53p

331/1 A2/L3 5.31 d

331/2 A2/L3 1.35d

331/3 A 2 /L 1 .5 5.59d

3 3 3 /1 a A4/L2 1 .59p

3 3 3 /1 b «« II

3 3 3 /1 c II II

3 3 3 /1 d If II

3 3 3 /1 e II II

333 /2 A4/L2 1 .47p

333 /3 A4/L2 1 .43p

335/1 A 1 /L 3 .5 1 .31d

335 /2 A 1 /L 3 .5 3 .3d

% Suppression
Halothsne Duration (msec)

1.0  0
0 

□

220 

200 

160 

210 

300 

160 

0
113  

210 

0 

0 

0 

0 

70  

0 

0 

0 

0 

20 

150  

172  

115  

100 

175  

154  

157  

170  

120 

150  

1 1 5  

0

0

C 0

C 0

C 0
wm o

Probable
Locus

bin?
bin 1 .0

n 1 .0

uin-c? 0

c 0

wn-c? 0

wn-c? 0

wn-c? 0

wn-c? 0

c 0

c 0

m 0

m 0

wn 0 .4

wn 0 .4

n 0 .4

HI 0 .4

c 0 .4

c 0 .4

wm 0 .4

wm 0 .4

wm 0 .4

wm 0

c 0

c 0

c 0
•1 •1

II 1 .0
II II



Probable
C at/U nit a- p A Deoth Locus Halothane Durat:

335/3 A1/L3.5 3.5d wm 0 230
335/4 A1/L3.5 4.9d wm 0 118

335/5 A1/L3.5 2.64d wm 0 0
335/6 A1/L3.5 2.64d urn 0 0

335/7 A1/L3.5 2.58d wm 0 150

335/8 A1/L2.5 1.53d c 0 0
335/9 A1/L1.5 0.46d c 0 155
335/10 A1/L1.5 2.27d c 0 0

335/13 A4/L2.5 1 ,77d c 0 0

423/1 A3/L1.5 3.55d c 0.7 206
423/3 A3/L1.5 3,1d c 0.7 188
423/4 b A3/L1.5 2.9d c 0.7 233

425/1 A2.5/L1 1 .60d c 1.0 145

425/2 A2.5/L1 1 ,81d c 1.0 103
425/4 A2.5/L1 1 .25d c 1.0 100

425/6 A2.5/L1 2.94d c 0.5 260

425/7 A3.5/L2 2.62d c 0.5 0

425/8 A3.5/L2 1.72d c 0.5 190

425/9 A1.5/L2 1.33d c 0.5 95

425/10 A1.5/L2 1 ,72d c 0.5 250

425/11 A1.5/L2 2.07d c 0.5 145
425/12b A1.5/L2 2.87d c 0.5 100

425/13 A1.5/L2 1.83d c 0.5 182

PHOTIC STimULUS ALONE

287/2 A3/L2.5 1 3 .Od M 0.75 50

292/3 A4/L1.5 2.0d c 0 103

292/4 A4/L1.5 1.7d c 0 70
290/3 A2.5/L2 12. Op m 0.5 200

Suppression

Legendt

A-p/Li A-P, en terio r-p o a te rlo r plane} L, la te r a l i ty

Depth readings! d, below dura mater} p. pia mater
Probable locust Cf cortex} 1*1. midbrain} WM, white matter below or

adjacent to cortex



TABLE I I

Suppression Duration (msec) as a Function of LGB In tBneltv

Voltage*

C at/Unit 1 .5  2 3 4 5 6 7 8 9 10 11 12 13

274/1 135 185
333/1e 30 115 115 140 195 160 205

335/4 50 118 135
423/1 80 170 195 180 190 210

423/3 125 105 160 145 175

423/4 0 120 195 120 215 225

425/4 0 60
425/7 0 25 45

425/8 130 190 240 205

425/12 0 200 190 255 220

425/13 120 182 135 270

271/1 0 60 65 -Midbrain unit

14

425/1 -negative instance 30
(unorthodox gross response as w e ll)

78 145

15

100

100

# Values of stimulus in ten s ity  presented in  quasi-random fashion except in  Units 333/1e and 
425/4 where they were administered in  rank order.



TABLE I I I  

LGB CONDITIONING 

Suppression Duration in  Percent o f Control (LGB alone)

Interstim ulus In te rv a l (msec)

C at/Unit R or S
LGB

alone
(msec)

0-10 20-40 50-75 100-125 150-175 200-250

274/1 S 1B5 41 57
274/2 R 162 80 43 65
275/2 R 47 96 43 0
281/4 S 100 110 60 25 25
296/3 R 140 136 111 76 81 89

315/3 R 155 140 135 81 39
315/5 R 233 109 107 67 59
316/6 R 1B5 103 41

333/1d R 157 121 102 67 83
333/1d-T* S 157 127 102 67 70 88
333/1e-T R 178 112 70 59 42 59

/I
284 818 708 553 365 468

X 142.0 116.9 88.5 61.4 52.1 58.5
9.9 22.1 12.5 19.0 29.6

*T *  M ultip le  
( t r a in )

conditioning shocks 127



TABLE IV

fflRF CONDITIONING: Positive Instances

Suppression Duration in  Percent of Control (LGB alone)

Interstim ulus In te rv a l (msec)*

300

143

Cat/Unit

LGB
alone
(msec) 0-10 20-40 50-75 100-125 150-175 200-2!

281/4 100 0 110 115 130

296/3 140 18 114 161 164 150 154

31 S/3 155 16 0 100 126 148
315/5 233 39 69 107
316/4 90 67 211

316/5 215 37 181
316/6 185 65 103 122

319/2 218 64 103 119

320/2 113 53 53 119 146 177 128

331/1 150 0 32 100 137
331/2 172 58 0 90 116 81

331/3 115 0 39 139 161 120
333/1a 180 31 67 92 113 86

333/1b 175 10 80 89 103 114 114

333/1c 154 97 101 130 146 136

•  Order o f presentation was quasi-random.



Cat/Unit

LGB
alone

(msec) 0-10 20-40

Interstim ulus In te rv a l (msec) 

50-75 100-125 150-175 200-250

333/2 128 35 141 141

333/3 150 87 117

423/1 206 0 95 87 117 107

423/3 188 0 157 141 120

423/4 233 43 105 116 106 103

425/12a 218 913V 0 0 108 12B 117

425/12b 100 9 7V □ 0 150 175 225

2 309 996 1653 1463 2483 1868

* 20.6 58.6 110.2 121.9 130.7 124.5

5-b- 21.3 35.4 53.5 28.6 24.8 33.0

Additional positive instances with control (LGB alone) at 0 msec*:

281/2 0 40 75
320/1 □ 0 170
328/1 D 0 0 183 160
328/6 0 0 0 210

*  Percent o f c o n tro l unob ta inab ley th e re fo re  suppression values given in  msec.



TABLE V

fflRF CONDITIONINGS Dubious Instances

Suppression Duration in  Percent o f Control (LGB alone)*

LGB Interstim ulus In te rv a l ( msec)
alone

Cat/Unit (msec) 0-10 20-40 50-75 100-125 150-175 200-250 Comments

302e/1 175 57 97 -  greater than 100 msec tra in  to fflRF and
302a/2 212 80 97 longer in terv a ls  not sampled

315/1b 80 44 131 113 -  ambient illum ination  d iffe re d  for control
and experimental conditions

333/1 e 178 51 98 98 107 87

423/4 125 0 208 176 136 0 -  reversal o f e ffe c t a t longest in te rv a l

335/2 0 125 0 w II II tt •» «• II

335/5 0 0 75 220 0 _ II t« It 1* It tl

335/8 0 0 0 0 55 0 ^ Tt It Tl It It II
H isto logical v e rif ic a tio n  disclosed that 
the electrode t ip  (used fo r the te s t  
shock) was ac tua lly  located in  the re tic u ­
la r  nucleus of the thalamus fo r the la s t  
three un its , 335/2, 335/5 , and 335/8.

*  Where c o n tro l value a t  0 msec, suppression values given in  msec as w e ll (s ince  percentages unob ta inab le ).
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TABLE VI

fflRF CQNDITIONINGi Negative Instances 

Suppression Duration in  Percent of Control (LGB alone)*

Cat/Unit

LGB
alone

(msec) 0-10 20-40 50-75 100-125 150-175 200-250 300

319/1 168 103 101 104 95 1 04 -
328/7 0 0 0 0 -
326/8 0 0 0 0 -
315/1 a 83 96 24 90 88

275/2 45 11 11 33
328/9 20 0 0 0 0 _

Comments

w »•
«■ II

•i •« n
w ith one exception 

-  decreased suppression throughout
0 0 0 0

425/2 103

*  Where c o n tro l value a t  0 msec* suppression values g iven in  msec (s ince  percentages unobta inab le )



TABLE V II

fflRF CONDITIONING! EFFECTS OF HALOTHANE 

liiith Halothanes Suppression Duration in  Percent of Control (LGB alone)

Cat/U nit

LGB
alone

(msec) 0-10 20-40 50-75

Interstim ulus In te rv a l (msec) 

100-125 150-175 200-250 300
%

Halothai

296/3 140 18 114 161 164 150 154 143 0.3'
315/3 155 16 0 100 126 148 0.8
315/5 233 39 69 107 0.8
316/4 90 67 211 1.0
316/5 215 37 181 1.0
316/6 185 65 103 122 1.0

333/1 c 154 97 101 130 146 136 1 .0
423/1 206 0 95 87 117 107 0.7
423/3 18B 0 157 141 120 0.7
423/4 233 43 105 116 106 103 Q.7
425/124. 218 9 13V 0 0 108 128 117 0.5
425/12t 100 a 7 V 0 0 150 175 225 0.5



No Halothanei

Cat/Unit

LGB
alone

(msec) 0-10- 20-40

320/2 113 53 53

331/1 150 0 32

331/2 172 58
331/3 115 0 39

333/1 a 180 31 67

333/1b 175 0 80

333/2 128 35

333/3 150

I 119

87

416

/ 19.8 •<J\
ID

21.0 18.i

Interstim ulus In te rv a l fmsec) 

50-75 100-125 150-175 200-250

119 146 177 128
100 137

0 90 116 81
139 161 120

92 113 86

89 103 114 114

141 141

117

349 670 1076 529

87.3 111.7 134.5 105

53.6 22.2 22.6 18

3 0 0



TABLE U II I  

MRF INTENSITY

Suppression Duration in  Percent of Control (LGB alone)

Cat/Unit

LGB
alone

(msec) 1.5 2.0

fflRF In ten s ity  ( in  

3.0  4 .0

v o lts )*

5 .0 6.0 8.0
MRF-St 
In te rv a l 

(msec)

331/1 150 0 32 0 0 40

331/2 172 116 110 93 5B 44 61 45

333/2 12B 137 141 86 50

423/1 203 128 118 74 128 55
423/3 188 141 157 162 65
423/4 233 107 127 116 116 105 55

425/12 l> 100 9  7V 125 195 150 55 50

425/12 218 013V 71 78 108 57 0 50

*administered in  quasi-random order except fo r Unit 331/2



TABLE V I I I  a 

flIRF INTENSITY 

Afterdischarge Peak Latency (APL) in  msec.

fflRF In ten s ity  ( in  vo lts )
Cat/Unit alone 1.5 2.0 3.0 4 .0 5.0 6.0 B.O % Halo.

331/1 230 195 175 130 120 0
331/2 310 335 340 345 300 235 225 0
333/2 0
423/1 250 300 295 325 325 0.7
423/3 313 325 355 360 0.7
423/4b 2B5 2B0 375 305 310 360 0.7
425/12b 250 350 295 340 340 0.5
425/12a 346 475 400 450 375 310 0.5



C at/Unit

296/3

315/3

316/6

423/1

423/3

TABLE IX 

ADDITIONAL OBSERVATIONS

fflRF CONDITIONING! DUAL LGB SHOCKS 

Suppression Duration in  Percent of Control (LGB alone)

St Delay (msec)
(meBc) 0-10 20-40 50-75 100-125 150-175 200-250

140 64 64 121 127 124^ , , .Long latency to suppression
155 48 & 0 116 106/

1B5 68 116

For a l l  3 u n its , suppression a fte r  the f i r s t  LGB shock was reduced.

SINGLE fflRF CONDITIONING SHOCK ♦ SINGLE LGB TEST SHOCK 

206 112 (rep lica ted ) 124 126

10-fflIN fflRF CONDITIONING AT 3 Hz

18B 125
125t recorded 3 min. la te r  without fflRF conditioning
128t It It •• ft ft If



Cat/Unit

294/1
425/13

LGB
alone

(msec)

155
182

TABLE IX (Continued)

Suppression Duration in  Percent of Control (LGB alone)

SC CONDITIONING! LGB TEST SHOCK

0-10 20-40

140

St  Delay (msec)

50-75 100-125 150-175 200-250

148
162

194

44

300

192

SC CONDITIONING! PHOTIC TEST STIMULUS

292/3 103 -onset 53

125 -o ffs e t 60 

292/4 70 -onset

1024194 

32 100

146

88

193

170

136

fflRF CONDITIONING! ffllDBHAlN RECORDING*
275/6
287/1

315/2

316/3

316/10
320/4

328/3

No response 

7

90

105
0
0

0
10

20

0+

04

63

04

04
0

43

0

175

35

70

120 -  long-latency supp.

35 13

210 -  drastic  supp. of a c t iv ity  
in  general

*  Suppression duration in  msec.



TABLE X

samples of afterdischarge peak latency measures for several conditions
IN MSEC

Cat/Unit
UlaB

alone
*

Halo. 1.5 2.0 3.0 4 .0 5 .0  6.0 7 .0  8.0 9.0 10.0 11.0

333/1e 0 140 200 250 265 280
423/4 0.7 170 225 275 280 290 270

425/12 0.5 0(140) 250 325 285

LGB CONDITIONING* Delay ( in  msec)
0-10 20-40 5D-75 100-125 150-175 200-250 300

333/1d 237 1.0 240 240 195 250

333/1d-T 237 1 .0 250 210 200 170 210

333/1b-T 220 0 250 220 190 150 175

fflRF CONDITIONING

320/2 245 0 175 135 225 275 260 340

331/1 230 0 160 175 275 205

331/2 310 0 270 260 260 300 345

333/1a 298 0 140 170 250 270 255

333/1c 238 1.0 275 260 225 235 240

423/3 313 0.7 0 355 325 310

423/4b 276 0.7 325 325 305 278 255

425/12a 346 0.5 50 310 450 420 335

425/12b 250 0.5 40 0 340 370 360
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