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Abstract

MESENCEPHALIC REGULATION OF EVOKED INHIBITION
IN THE CAT'S VISUAL CORTEX:

An extracellular study

by
Isabelle Alter

Advisor:t Professor Williem S. Battersby

Earlier microelectrode studies have shown both facilitatory and
inhibitory effects on evoked responses in units of the visual cortex
following activation of the mesencephalic reticular formation (MRF),
Despite these observations, the conclusion drawn in the literature has
been that the MRF's effect on the cortical neuron'’s responsiveness is
in the main facilitatory, Those investigators who reported both faci-
litation and inhibition of the cortical unit's response generally obe
served the two effects in different units., Hence they ascribed the
opposing MRF influences to the type of cortical unit encountered, or
its locus, thus depriving the MRF of a ceusal role in the nature of
the effect produced. Furthermore, since the presence of spike dis=-
charges is more conspicuous in the extracellular record than is their
ebsence, the excitatory response to input has been the focal object of
investigation., Yet it has been known for some time that inhibitory
mechanisms are intimately involved in the neural coding of input., 1t
is most unlikely that the MRF would influence the excitatory activity
of the neuron without concomitantly influencing its inhibitory counter=-
part,

Thie study was designed to assess the effects - in the acute,

flexedilized cat - of MRF activation on the inhibitory portion of the

ii
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evoked response in units of the visual cortex. Through intracellular
recording, Li et al, (1960) demonstrated that the periods of spike sup-
pression observed in neurons of the visual cortex following a shock to
the lateral geniculate body (LGB) were associated with membrane hyper-
polarization., Hence an alteration of the duretion of LGB~induced spike
suppression would reflect the MRF's influence on inhibitory mechanisms
in cortex,

Qur results demonstrated that MRF activation will systemstically
curtail or prolong the duration of suppression in cortical units as a
function of (1) the MRF-LGB interval; (2) the intensity of the MRF
traing (3) the intensity of the LGB test shock., Short interstimulus
intervals and high=intensity MRF trains contracted the inhibitory
period, while the longer intervals and weaker MRF trains prolonged it,
Prolongation of suppression by the MRF was much more pronounced with
weak test shocks, while reduction of inhibition was the more marked
effect at higher test-shock intensities., In saveral units, virtually
identical results - when the interstimulus interval was varied - were
obtained with conditioning in the superior colliculus (SC) when either
a test shock to LGB or a photic test stimulus was administered,

The conclusion was drawn that the facilitatory effects observed
at the short intervals and with intense MRF trains could very liksly
be expleined by a superposition of the individual responses to the con~
ditioning and test stimuli, On the other hand, the prolongation of
inhibition at longer MRF=test stimulus delays and with weaker MRF treins
could not readily be explained by a simple superposition, This datum
vstensibly revesls an interaction of the two inputs at some point en

route to cortex or within cortex itself - an interaction signeslled by
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a transitional interval where a high degree of response variebility
was noted,

In sum, the orderliness of our findings suggests that, in selacé-
ing evoked inhibition as our dependent variable, we have located the
cortical mechanism most susceptible to MRF regulation, The MRF's
signal contribution to cortical function may reside in its regulation

of cortical inhibition.
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INTRODUCTION

The existence of inhibitory processes in cortex was deemed
essential sven prior to its substantiation, Civen the high degree of
interconnection in its networks, the cortex would undoubtedly
go into oscillation without the intervention of some kind of dampening
mechanism (see e.q. Fessard, 19613 Jung, 1961 ), As the contributions
made by inhibitory mechanisms to cortical function were conceived and
elaborated over the years « in receptive field organization and con-
trast enhancement, for example = a concurrent interest developed in
the dynamic properties of cortical neurons., Investigations were con-
ducted on neuronal behaviour in various brain states, during sleep
and waking and the transition betwsen these, Contrary to expectation,
waking was often sssociated with e reduction in neuronal asctivity (e.g.
Evarts, 1961)., Despite the growing recognition that wakefulness and
a preponderance of excitatory activity are not necessarily linked, the
expectation has persisted that cortical activation is in fact accompas’
nied by a heightened excitability in its neuronal elements., That per=-
sistence seems principally to be due to the results of numerous micro-
electrode investigations showing & predominantly facilitatory effect on
corticel cells following mesencephalic reticular (MRF) activation,

The MRF has long been known to govern electrocortical activation (Mor=
uzzi and Magoun, 1949). These studies, however, have generally smployed
the extracellular recording technique, This has led to an inevitable
emphasis on the excitatory aspect of the neuron's activity since what

is directly visible in the extracelluler record are neuronal spikes,

Hence MRF activation was seen to enhance or attenuate the maintained or



evoked excitatory discharges in cortex while its influence on inhibi-
tory processes as such -« which are not readily discernible in the ex-
tracellular record - wes disregarded or only tentatively inferred,

Once the exjetence of endogenous inhibitory mechanisms in cortex
is granted, a heightened cortical excitability would either ancompass
all of its elements (including its inhibitory neurons) or, less likely,
some sslescted subset (e.g. the excitatory neurons alone), While a
number of studies employing MRF eactivation have demonstrated a decline
in the maintajined discharge frequency of a substantial proportion of
cortical neurons, suggesting some inhibitory influence, the principal
observation for evoked ectivity has been reported to be excitatory (see
next section)., It is in this very domain (regarding evoked activity),
howsver, in the analysis of input or sensory coding, that inhibitory
mechanisms are thought to play a crucial role - as in lesteral inhibition,
It 18 aifficult to.conceive that MRF activation would regulate the exci-
tatory portion of the cortical unit's response without concomitantly
modifying its inhibitory counterpart.

Intracellular recording for any length of time, particularly in
the granular cortex of the unrestrained animal, has been singularly
difficult to implement, thus hindering a detailed assessment of the
dynamic properties of inhibitory function iﬁ the visual cortex, A
means of circumventing some of the problems of intracellular recording
has been aveilable for some time, however, in the correlatjons estab-
lished betwesen spike suppression and inhibitory postsynaptic potentials
(1PSPs) for some cortical responses, Taseki st asl. (1954) and leter
Li et el. (1960), Por example, have demonstrated that the spike sup-

pression elicited in visual cortex by electrical stimulation of visual



afferents is reliebly correlated with membrane hyperpolarization,

Any modification of the extracellularly monitored spike suppression
would thus very likely reflect changes in the underlying polarization
of the cell., It is thersby possible to evaluate the MRF's effective-
ness in altering inhibitory activity in the visual cortex by moni-
toring its influence on an alrsady present depression in spike dis=
charge,

The vulnerability of inhibitory mechanisms to alterations
asscciated with electrocortical arousal has hardly been explored.
Non-sensory influences are known to affect sensory processing. To
the extent that inhibition is thought to participate in mechanisms
of sensory acuity, discriminative function, and the like, it must
be subject to influences exerted by verying brain states, This
study was designed to assess the effects of MRF activation on the
evoked suppression of spike discharges in the visual cortex of the

acute cat,
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REVIEW OF THE LITERATURE

Analyses of MRF influence on both slow and micropotentials began
concurrently in the late fifties and had similer aims: an exploration
of the ways in which MRF activation altered cortical excitability. The
initial unit studies had as an additional aim the demonstration of con-
vergence of 'nonspecific’ end ‘specific' influences on the same cortical
neuron, The investigations employing - the gross potential technique
provided the basis for Bremer's highly influential explanation of the
MRF 's effects on cortex, His view established the framework for the
conclusions drawn from many of the unit studies conducted on the sub-
Ject. A brief exposition, therefore, of the sarly results derived from
gross potential studies, as well as of Bremer's explanation, will be
presented prior to a description of the MRF's influence on single neu-

rons in the visual cortex,

The MRF and Vjsual Macropotentisls

For the visual system of the cat, it was early established that
while MRF conditioning depressed the emplitude of corticel mscropoten-
tisle elicited by photic ('peripheral®') stimuli, it enhanced the ampli-
tude of potentials evoked by slectrical (‘central’) stimulation of the
affarent pathways (Bremer and Stoupel, 19583 Dumont and Dell, 19s0).
Gauthier et al. (1956) had first reported this contrasting effect for the
somatosensory evoked potential, Bremer regarded this finding as "An
important advence in the understanding of reticulocortical arousal . . ."
(19618, pp. 34-35) because, given the potentiation of the electrically

evoked response, he thought that the depression of the response to the



photic stimulus could also be expleined in terme of facilitation -

namaly, by a process of occlusion of the facilitatory processi

At the present stage of the problem, it i perhaps prefer-
sble to look for an explanation which would not require the pos=-
tulate of two fundamentally opposed effects of reticular arousal
on the operations of the brain cortex and, correlatively, of two
antagonistic categories of reticulocertical fibres., We think
that the suppressive effect on the responses to volleys of impul~-
ses emitted from peripheral receptors can bs explained by the
pradomimance, in this cese, of a process of occlusion on the fa-
cilitatory process, Cortical interneurones weakly activated by
the dispersed efferent impulses emitted from receptors would be
blocked as a result of their supraliminal activation by the re-
ticulocortical impulses. The denser (better synchronized) vol-
leys evoked by "central® stimuli should overcome the relative re-
fractoriness of these interneurones. Thus, the cortical units
already responding in the control response should still be ecti~
vated by the specific impulses, The addition of their contingent
to the neurones recruited in the subliminal fringe should result
in tha)nvarall potentistion of the response, {Bremer, 1961s pp.
4243,

Since Bremer’s view did gamin great currency, it must be understood that
although he himself had stipulated that "An active inhibition mechanism
at the cortical level cannot be excluded" (1961 p. 42), his preference
rasided in othsr explanations, Sparse svidence For intracortical inhi-
bitory processes existed st the time of Bremer's writing (but see Tasa-
ki et al,, 1954), and it did not satisfy him,

Bremer's view dictated an interpretetion of alterations in svoked
potential amplitudes which is not tenable once inhibjitory processes are
admitted into the picture. For if chenges in excitatory processes are
alons responsible for the amplitude shifts, then a unidimensional quan-
titative description is sppropriate -~ nemely, increased neuronal acti-
vity will generate a larger wave, and vice versa, But the introduction
of inhibitory action will not brook such equations., The study of the
amplitude of evoked potentials presents a host of serious problems for

interpretation (e.q., see Creutzfeldt et al,, 19693 MacKay, 19693 MacKay



and Jeffreys, 1973). Gross evoked potentials are thought largsly to
reflect the activity of graded neuronmsl potsntials whose sign, however,
is not readily ascerteinable through surface recording. Thus a modi-
fication of the amplitudes of gross potentiasls reflects less about the
properties of neuronal excitability and transmission than is often
ascribed to it,

Although the interpretation of alterations in evoked potentials
is complicated by the recognition of intracortical inhibitory activity,
the need to postulate two antagonistic categories of reticulocortical in-
fluences 5 unwamented, For a reticuler activation of ell cortical neu-
rons would facilitate the activity of both excitatory and inhibitory
units and hance an activating process cen readily generate an inhibi-
tory effect.

Bremer's formulation has tended to divert attention from a pos-
8ibly crucial component of reticulocortical activation, For if inhi-
bitory function is required for cortical information processing (a
point hardly worth belabouring today) and also happens to have a higher
excitability threshold, as it does (see below), then MRF activation
may serve the primary function of bringing inhibitory processes into

play. The next section elaborates on these points.

Cortical Inhibition and the MRF

While there is no question, by now, of inhibition occurring within
the cortex, the existence of intracortical inhibitory neurons - that is,
of inhibition generated by intrinsic as vs. extrinsic units - has been
somewhat controversial, the weight of the svidence of the last few years

tending to favour their presence, The evidence stems from both physio-



logical and anatomical sources.

The physiologicel argument emphasizes the latency differences
for cortical excitatory and inhibitory postsynaptic potentimls (EPSPs
and IPSP=) gensrated by input. The inhibitory processes are usually
delayed, indicating the existence of an interpolated synapse (e.q.,
Creutzfeldt st al,, 1969; Toyama et al., 19743 Watansbe et ml., 1966).
Furthermore, IPSPs have been recorded in an undercut cortex (Crautzfeldt
et al., 1966) and therefore could only have been elicited intracortically,

The anatomical evidence rests largely on the assumption that dif-
fereant types of synaptic configurations subserve excitatory and inhibi-
tory functions, The ‘asymmetrical’ variety of membrans thickenings at
the synapse, for example, when assocjated with spherical vesicles, is
thought to mediate excitatory function; while the other type of aynaptic
contact, the 'symmstrical' variety with flattened vesicles, is presumed
to have inhibitory properties (Gray, 19593 Uchizono, 1965), If this as-
sumption is correct, then all extrinsic influences upon the cortical re-
ceiving areas should be excitatory since all of the synaptic contacts
formed by incoming fibers are apparently of the asymmetric veriety (see
Garey and Powell, 1971, for the visual system; and Jones and Powell, 1973).
Inhibition would therefore have to be mediated by intracortical neurons.
Furthermore, the existence in cortex of neurons of a particular morpho-
logicel type (e.g. basket cells), whose inhibitory properties have been
escertained in other structures (in cerebellum and hippocampus, for exam=
ple), suggests that they may perform the same function in cortex,

Inhibitory effacts often eappear to have higher thresholds than
their excitatory counterparts (von Békésy. 1967)., If this were so in

cortex as well, sny diffuse activating process



would then serve to maximize the expression of inhibitory action in
cortex,
The inhibitory mechanism [%riggared by an electrical stimulus to
cortex/ could be evoked more readily in cortical neurones of in-
creesad excitebility than in neurones of 'normel' excitebility .
o« « It had a higher threahold and a longer latency than the ex-
citatory mechanism; but once set in motion it was more powerful
than the axcitatory mechanism. (Li and Chou, 1962, p, 15)
That increesed excitability is in fact necessary to initiate the expres-
sion of inhibitory mechanisms makes immediately evident that the activa-
tion of a structure such 83 the MRF, thought to be responsible for ine-

creased cortical excitability, would be most effective in accomplishing

this function.

The MRF and Visual Mjcropotentialss Extracellular Recording

The experimental history of the MRF's influence on neurons in the
visual cortex closely mirrors the theoratical predilections and the tech-
nical limitations of the times. The predominantly chronological survey
which follows will show that the early studies emphasized the facilita-
tory effect of MRF ectivation, They were followed by a group of reports
which demonstrated the MRF's duel cepacity for inhibiting the activity
of some units and facilitating it in others, An unusuel report (Skre-
bitsky, 1969) revealed a predominantly inhibitory influence, Finally,
the most recent investigations (Bartlett and Doty, 1974, for example )}’
have come full circle in concluding that the MRF's influence on cortical
units is largely fecilitatory.

In e review of the work, Brooks and Jung (1973) thought the discre-
pancies could ", . . be explained either by species differences or by in-
clusion of geniculo-cortical fibres in the early work in the cat, since

Skrebitsky found predominant facilitation after reticular stimulation in
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LGB-neurones in the rabbit” (p., 405), They ignored differences in type of
preparation used: Skrebitsky's animals were chronic while most of the sar=-
lier preparations had been acute., They alsc ignored possible differences
in stimulus parsmeters as well as the particular dependent variable chosen
for study. Both type of preparation and stimulus parameters are germane
to the question of the animal's general condition, that is, to its brain
state or 'level of arousal,' whose intimate relation to MRF function has
baen recognized for some time, Skrebitsky, for example, had used an MRF
stimulus of low intensity, a parameter of some import as we shall demon=
strate, one whose values were left unspecified in many of the studies at
issue.

The dependent variables examined in these studies were sither ths
maintained discharge of cortical units or the spike discharges elicited
by etectrical or photic input, For the latter, the effects on the excita=-
tory response, that is, on the initial discharge to the stimulus (at what-
evar latency it occurred), were evaluated. {Narikashvili et al,, 1965,
were the exception = in having explored several aspects of the unit's res-
ponse - see later), Little or no attention was consequently paid to the
effacts of MRF activation on cortical inhibition, This was possibly dus
to the scarcity of computers (as well as to the theoretical preconceptions
noted)s s8pike suppression is difficult to detect as such, particularly
when the unit's maintained activity is low, without some means of data
summation, This lack accounts at least in part for the emphasis on the
MRF*'s influence on excitetory processes when recording is conducted with

the extracellular method.

The following exposition will be restricted to those studies in

which the effects of MRF-induced arousal were investigated., Most studies



dealing with the related questions of ‘sensory’ and thalamically-induced
arousal will not be included as they provide little additional clarifi=-
cation on the matter, Among the earliest demonstrations of MRF and sen-
sory convergence on single naurons in the visual cortex of the cat (the
animal most commonly used) wers those of Jung and his collaborators in
the 1950s ( cited in Jung} 1961). .o It must be noted thet the
demonatration of cenvergence was functional, and that no conclusions
about monosynaptic input from the MRF could be drawn from these find-
ings.

Having identified several species of nsurons
in Area 17 of the cat on the basis of their responses to diffuse illu~
mination, these investigators proceeded to categorize the effects of
intralaminar thalamic and reticular stimulation on cortical neurons,
They found that while activation of these 'non-specific’ extra-visual
structures did not alter the character of visual neuronal responses to
light, it did facilitate the nesurons' responsivensss to photic stimuli;
that is, the neurons could be more strongly or eesily driven by light
(Crautzfeldt and Akimoto, 1957-8; Akimoto and Creutzfeldt, 1957-8; cited
by Jung, 1961). While reticular stimuletion was predominantly facili-
tatory, it could produce inhibitory effects, the mein such effact being

the disruption of the neuronal CFF (Jung, 1961 ). No further work on

the subject was evidently carried out in Jung's laboratory since the esar-

10

ly sixties as, in the overview co-authored with Brooks (1973), Jung relisd

heavily on the evidence furnished by Creutzfeldt and Akimoto which was
published in, among other sources, the Frasiburg symposium of 1961, The
following are the key findings reported by these investigatorss

Creutzfeldt et al. (1961) investigated the effects of MRF condi-
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tioning on the response to optic tract stimuli in the visual cortex of
encéphals isolé cats. They first noted that shocks to the optic tract
produced several different response patterns in cortex, the majority of
units responding with a short-letency and highly reliable spike discharge,
MRF conditioning was followed by fecilitation of this discharge. Vari-
ation of the MRF-optic tract stimulus intervals showed that the facili-
tation lested as long as 300-500 msec after the end of the MRF train,

The effect of MRF on the spontaneous discharge frequency of the cortical
units varieds half of the units showed e transitory activation, that is,
an incresse in their spontaneous discharge frequency; one~third were un-
affected altogethers and the remaining units (6/48) were inhibited during
MRF stimuletion,

At the same symposium in Freiburg, Akimoto et al., (1961) also re-
ported on a number of similar investigations that they and their co=-
workers had conducted during the late fifties, Their studies had encom=-
passed the effects of arousal ~ both *natural' and MARF-induced - not only
on the visual system but also on the somatosensory, auditory, and motor
systame, as well as on the association cortex of the immobilized unanass~
thetized cet. 1In the visual system, they investigated arousal effects on
photically evoked unit activity in cortex, They also examined the res-
ponases elicited by single shocks in the optic radiation and the LGB.

Their results generally conformed to those of Creutzfeldt et al,
The most frequent observation with MRF acti{vation wes a facilitation of
the cortical response to photic flasshes. Furthermors, the responses to
radiation and geniculate shocks were almost exclusively facilitated, an
inhibitory effect having been observed in only one exceptional unit.

When the MRF-test shack interval was varied (with single MRF conditioning



pulse), the responses to radiation or geniculats shocks were facilitated
for interstimulus intervals ranging from 30 to 200 msec, with a psak aug=-
mentation between 40-80 msec. No inhibitory phase was sesn, Yet in so-
matosensory cortex, single conditioning shocks to MRF produced not only
the same interaction curves as in visual cortex but also curves with in-
hibitory phases at intervals of 50-120 meec., This was exceptional, how=-
ever, as facilitation was characteristic of the effects in the auditory
and motor cortices as well as of the response evoked by direct cortical
stimulation, Thus, "The cortical fecilitation as was seen in visual cor-
tex is not a specific and arsal phenomenon but a manifestation of more
general feature of corticel arousal' (Akimoto et al., 1961, p. 371). In
sum, although inhibition or suppression of transmission had in fact been
observed, particularly in MRF-Flesh ve, MRF-shock interactions, facilita-
tion was the more common and by far the more emphasized outcoms of the
interections.

The value of the next three studies is limited in their having
bean confined to the evaluation of MRF's influence on the maintajined
discharge of cortical units. Nonetheless, Fuster (1961), using chronic
preparations, found that high-frequency stimulation of the MRF in rabbits
tended to enhance the firing of those striate unite which were activated

by diffuse light, while decreasing the discharge frequency of light-inhi=-

12

bited units, Sixty-one of his 100 units, however, were totally unaffected

by brainstem stimulation. He concluded that the manner in which MRF
affected the spontaneous activity of visual corticel units depended upon
the types of unit monitorsd,

The larger number of units (81%) affected by the MRF in Velyka's

(1966) rabbits may have been due to the preparation used, which was un-
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specified, The maintained discharge was reduced in 64% of these units
and facilitated in 32%, with a reciprocal relation observed for neighbour~
ing neurons, Velyka ﬁlao reported that MRF and photic stimulation had
the same effect on the nsuron's maintained discharge: for those units

in which photic stimulation had produced suppression, MRF activation

did so also, and vice versa. This held not so much for the *on-response’
to light as it did for the later changes in activity monitored during
prolonged illumination -« an important distinction to which we will re-
turn. The opposite effects of MRF activation on neighbouring nsurons
suggested to Velyka that the specific sensory or intracortical mechanisms
are of major importance in determining the type of response obtained,

a view somewhat similar to Fuster's,

In contrast to the above studies, Orem and Feeney (1971), whaose
observetions were aleo rastricted to the maintained discharge frequancy,
determined that whether facilitation or inhibition eccurrad depended
upon the rostro-caudal locus of cortical recording in the immobilized cat,
The majority of cells in rostral VC (visual cortex), tentatively identified
by the authors es area 18 (on the bessis of Otsuka and Hassler's cri-
teria), were facilitastaed, while those in caudal VC (area 17) were inhi-
bited. Thus locus of recording appears to be of some import - an obser-
vation serving to complicate an already muddled picture,

A distinction between the MRF's influence on the mainteined as vs.
the evoked discharge frequencies in cortical neurons was made explicitly
by Narikashvili et al, {1965). While their results for the MRF ‘s ef-
facts on the unit's maintained discharge accorded with those of Fuster
and Velyka = {n being correlated with the unit's raesponse to photic

stimulation - they pointed out that the MRF's effect on the nsuron's




14

response to input was not so relatad, That is, whether a particular
neuron’s response to & photic stimulus was facilitated or inhibited did
not depend upon the character of its response to the photic stimulus it=-
self, Nerikashvili et al. made several other valuable observations on
their recordings from aree 17 of the sncéphala isole cat, Briefly, they
noted that the later components of the unit's response were more labjle
and more susceptible to reticular influence, Furthermore, both the fra=-
quency and the latency of these later spike discharges could be markedly
reduced or augmented by MRF conditioning. The conditions under which
such alterations were brought about were not specified. These authors
postulated an MRF regulation of hypothetical inhibitory processes pre-
ceding the late activation -~ thus appearing to have bsen the first to
note that the MRF may exercise its influence on cortex through its con-
trol of inhibitory function., A year later, Narikeashvili et al, (1966)
chose to examine in detail those units whose characteristic response to
light had been altered by MRF conditioning (an unusual observation),
Here they concluded that the facilitatory influence of MRF on cortical
neurons is brought about by the removal of normally ongoing inhibitory
mechanisms, again emphasizing the MRF's facilitatory effect.

Skrabitsky (1969) examined the effacts of sensory or reticular
arousal on neuronal responsiveness in the chronic rabbit's visual cor-
tex and found that by far the more common effect was inhibitory. Among
the units which had responded to light flashes, only 50% were affected
by different arousing stimull such &8s acoustic, electrocutansous, and
mesencephalic reticular stimulations this lower percentage seems to pave
been a function of the unmnmesthetized chronic preparation, Tha photi-

cally-avoked cortical discharge was inhibited in 75-80% of these units
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and fecilitated in the rest, 'Different types of responses to light
fFlesh were inhibited by arousing non-visual stimuli, but predominantly
it was the long-latency discharges which were often preceded by an in-
hibitory pause" (Skrebitsky, 1969, p. 274), Thus the discrepancy bet-
ween Skrebitsky's report that inhibition of evoked dischargs was the
principal effect of arousing stimuli and the earlier emphasis on its
facilitation may in part be explained by the aspect of the unit's res-
ponse which he had chosen to observs.

Bartlett and Doty's (1974) investigation on the unanaesthetized
squirrel monkey has again focussed attention on the MRF's Facilitatory
influsnce, 0Only a very small proportion of the striate cortical units
(5/58) exhibited any significant inhibition of evoked discharges, The
interval between conditioning and test stimuli {(the latter having been
either slectricel or photic) was normally kept at 50 meec, although
intervals of 25-100 msec were also explored. While the location of
the mesencephalic electrodes was mostly dorsal to the MRF, in the su-
perior colliculus (SC), a general similarity between the corticsl ef-
fects of MRF and SC can be expected on the basis of gross potential data
(e.g. Chalupa et al., 1973) and microelectrode recording (see Appendix A),

Despite intensive investigetion of the problem, the factors go-
verning mesencephalic alteration of evoked responses at visual cortex
are still obscure., A clue meay be provided, however, by both Narikashvi-
11 et al, (1965) and Skrebitsky (1969) who noted that it was the later

components of the unit's response which were most affected by arousal

or reticular input. It appears that an evamluation of this neglected as-
pect of the unit's response,-the activity - or lack of it (spike suppres-

sion) = which succeeds the initial excitatory response to input, may



16

serve to clarify the nature of the mechanisms underlying reticulocortical
requlation, Numerous studies using macropotential recording have shown

that the later components of gross evoked potentials may be more sensitive
to manipulations of MRF or arousal level than the primary evoked potential

{(e.g., Creutzfeldt and Kuhnt, 1973).

The Present Study

The primary aim of the present study was to evaluate the MRf's
influence on spike suppression and, by inference, on inhibitory proces-
ses evoked in visual cortex by electrical or photic input, Few micro-
electrode studies have addressed themselves to this question as the in=-
tracellular method is difficult to implement while the extracellular
technique may have been deemed inappropriate to the task, Evarts (1961)
has shown, howaver, that useful inferences concerning inhibition may
be drawn from extracelluler monitoring of the duration of spike suppres-
sion in units of the visual cortex. Although his results demonstrated
that suppression, evoked by a shock to the optic radiations, is lengthened
during wakefulness in the intact cat, "The mechanism underlying this pro-
posed increess of inhibitory activity remains to be determined" (1961,

p. 173)., Activation of the MRF, thought to produce facilitation of cor-
tical units, would seem a logical starting point in the delineation of
these mechanisms, aespecially in view of the conclusjion drawn by Li and
Chou (1962) that inhibitory processes have a higher threshold than their
excitatory counterparts,

Evarts pointed out that the waking state which he had studied was

different from the state of intense arousal which may follow novel stimu-



lation or strong electrical stimulation of the reticuler formation,
Although most of the reported studies provided no indication that MRf
stimulus parameters may have had a bearing on the results, their manipu=-
lation seemad appropriete in view of the well-established behavioral

and electrophysiological differences associated with different 'levals
of arousal,’

In the present investigation, the duration of spike suppression
following LGB shock was evaluated from extracellular records derived
from the visual cortex of the flaxedilized cat, MRF=LGB intervels were
varied, as was the intensity of conditioning and test stimuli. Condi~
tioning in LGB wes implemented s & control for locus of stimulation,
In a few instences, MRF conditioning was replaced by conditioning in
the superior colliculus (SC), and the LGB test shock by a photic stimu-
lus (the latter, to improve upon the generality of the results), In
order to satisfy the requirements of the intended analysis =~ that is,
to test the sensitivity of the spike suppression measure in a variety
of conditions - a large sample size wes sacrificed for the purpose of

as detaliled an evaluation as practicable for each unit.
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METHODS

Surgery, electrodes, and histology

Observations were made on a total of 23 adult cats (largely male)
prepared as follows: A tracheostomy was performed after ether induc-
tion and a tracheal cennula was fnserted, The animal was maintained
on an ether bottle which was attached to the tracheal cannula until the
cat was mounted and aligned in a stersotaxic apparatus (Kopf)}. The ether
bottle was then removed and the animal's lungs were flushed with oxygen
to reduce the remaining effects of ether, A mixture of Helathane (0,5=
24), nitrous oxide (Nzol ca 55%), and oxygen (02: ca 45%), was admini-
stered at a total flow rate of 1,5L/min,

The left saphenous vein was cannulated for subsequent infusion of
e 10% dilute solution (90% seline) of gallamine triethiodide (Flaxedil)
and, occasionally, a solution of 5% dextrose in physiological saline
to maintain hydration, A midline skin incision was made ovver the skull
and the temporal muscles were reflected bilaterally to expose the calva-
rium, A trephine hole, made over the left cerebral hemisphere, was en=
larged with rongeurs to produce a cranial opening extending rostro-cau-
dally from approximately A13 to P3 over the left hemisphere, and from
A6 tno AD over the midline above the right hemisphere; the exposure was
extended to as much as 14 mm laterally over the left hemisphere and 6
mm over tha right, The dura was resected in some cats, aexposing portions
of the marginal and suprasylvian gyri. When exposed, the cortex was
kept moist with warm saline,

The cisterna magna was subsequently exposed and punctured., Bila-

taeral thoracotomies were performed in several animals early in the inves-
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tigation but were discontinued when they eppeared to make noc meterial
difference to the development of brain pulsation, The cortex was sta=-
bilized (i.e. pulsation wes controlled) by a variesty of standard expe-
dients, such as relative positioning of the head, occasional use of the
surface recording electrode as ‘pressure foot,' but mainly through care-
ful cisternal drainage.

All wounds and pressure points were liberally infiltrated with
prilocaine (Citanest) which was re-administersd every 4 hours, F[laxe-
dil was infused into the saphenous vein (with an initial dose of 3-4
mg/kg body weight) to immobilize the preparation and was supplemented
(approximately 2 mg/kg) at 30-60 min interals (or as necessary). Arti-
ficial respiration was initiated at 22-26 rpm, with a volume of 30=35 ml/
stroke, PCD2 was not moniteored but, after immobilizetion, stroke fre-
quency was adjusted to simulate the animal's normal reaspiratory rate.

A DC=pawered heating pad was wrapped around the animal's abdomen to pre=-
vent any marked drop in body temperature,

When the dura was left intact, slits were made for the passage
of two bipolar stimulating electrodes, flush-cut and insulated with
formvar sxcept at the tips, Each electrode was made of two pieces of
«125 mm tungsten wire encased in a 20-gauge stainless steel tube which
was also insulated with formver, The tips of the stimulating electrodes
extended approximately 2 mm beyond the edge of the tube and were hori-
zontally separated by ,5-1,0 mm, One electrode was directed at the
lateral geniculate body (LGB), the other at sither the mesencephalic
reticular formation (MRF) or the superior colliculus (SC) according to
the sterectaxic coordinates of the Jaspar and A jmone-Marsan (1954) cat

atlasy the left LGB generally at A7,0, L9,5, and the right (contrala-



teral) MRF or SC at A2,5-3.0 and L2.0-3,0, For gross responses, a
ball-tipped tungsten electrode wes positioned over the left hemisphere
at approximately A6,0 with the tip on mid=marginal gyrus., Cortical
recording, done for the purpose of positioning the depth electrodes
and monitoring the EEG, was always monopolar from the marginal gyrus,
the referent being placed on the edge of a retracted temporal muscle,

A 15=23 megohm (at 1000 Hz) tungsten microelectrode (manufac-
tured by Hser), insulated with a thermoplestic resin (Epoxylite), and
with a tip diameter of less than 1 am (and tip length of 5 um), was
then positioned within the compass of A1,0-4,5 and L1.0-5,0 over the
left marginal gyrus and lowered, often without a prior incision in
the dura,

The brain was preserved for histology in
64% of the reported units. At the conclusion of the experiments, the
level of anasesthesia was increessed for these animals, and the subcor-
tical stimulating sites were electrolytically marked by passing a DC
current of .5 mamps between the electrode tip and the earbars of the
stersotaxic instrument (cathode) for 25-30 secs. The animal was then

killed with B8=10 cc of Nembutal injected intravenously, decapitated,

its head rinsed and kept in a 10% formalin solution for several months,
The brains were subsequently blocked and frozen coronel ssctions cut
at a thicknesa of S0 pm., Every fifth section was then stained eccord-
ing to ths Kluver-Barrera (1953) method. The stained sections were
examined under a microscope to verify the location of the depth elec-

trodes,



21

Control equipments recording and stimulatjion

Cortical activity picked up by the surface electrode was fad
through a Gress electrode followsr and a Grass (PS) differential pre-
amplifier with a band pass of 7 Hz to 2 kHz (-3 db)., Unit activity
monitored by the microelectrode was channelled through s DC~coupled
preamplifier (Transidyne MPA-6), a Grass differential preamplifier
(PS) with a band pass of 35 Hz to 10 kHz (=3 db), and a 60-cycle
spike filter (Kopf, EFA-12), Both gross and unit derivations were
then displayed on a split-beam oscilloscope (Tektronix 561), The fil-
tered unit activity wes fed into an audiomonitor and alsc into a his-
togram analyzer (Synax) with a 200 time-bin capacity and an adjustable
threshold voltage. The output of the Synax unit was displayed in the
form of histogrems on & slave storage oscilloscope (Tektronix 564),
Both samples of the single traces of unit activity on the 561 as well
as the fraquency distributions over 16-32 sweeps displayed on the 564
oscilloscopes were photographed for later date analysis on a Grass
(C4) Kymograph camera (35 mm).

Overall timing control for stimuletion of the subcortical loci
and for recording the surface as well as the unit responses was accom-
plishaed by a Tektronix waveform generator (Model 162), Every 4-6.3
secs, it triggered ancother identical waveform gensrator which ssrved
as a time base for two pulse generators (Model 161). Each pulse gene-
rator goted a Grase (S-4) stimulator for activation of the LGB and
the MRF (or SC) with square-weve pulses (see below for parameters)
delivered by two stimulus isoletion units., Fig. 1 presents a flow

chart of the stimulating and recording equipment.



Fig. 1.

Flow diagram of electrophysiological stimulating

and recording system,
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In those few animals (cats 287, 290, and 292) where photiq stimu=-
lation was used, the above~mantioned Tektronix units requlated the optic
stimulator as well, while a photocell record of the stimulus duration
was displayed on one channel of the oacillﬁacopa. The beam from a glow
modulator tube was projected through a 10X30 mm rectanguler aperture
which, at a diatance of approximately 385 mm from the nodal point of the
aye, formed a target of 14°%44° of visusl angle, The duration of the
photic stimulus varied between 400-600 msec. Its intensity (filtered)
and that of the background illumination (dim) were not calibrated, The
tarqget was directed at that portion of the retina subserved by the esti=
mated locus of projection in contralateral cortex where the unit record-
ing was teking place. Lacril was applied to prevent corneal dshydration,
The contralateral eye was occluded by suturing the eyelids,

Atropine sulfate was administered topically for 2 of these animals
to produce mydriasis, Its administration alsn served to demonstrate
that the effects to be described did not depend upon a reacting pupil,
Furthermore, pupillary dilation proved to be minimal if not unobservable
at our chosen stimulating loci in MRF (at least during the administration

of Halothane),

Procedurs

Most of the experiments werse conducted in a dimly illuminated,
shiglded room, with several of the early experiments carried out in
total darkness, The subcortical electrodes were lowered toward their
respective stimulating sites, their terminal loci being determined both
by calculated sterectaxic coordinates as well as by the response cha-

racteristics monitored by the cortical surface electrode,
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The electrode intended for stimulation of the LGB was lowered
in .S mm steps beginning at 2 mm above its celculated surface, With
each advance of the electrode, the occurrence and characteristics of
the cortical response evoked at the marginal gyrus by & .5 msec, 7-8 V,
shock were evaluated, When the ‘'classical' shock-elicited four- or
five-component response was reliably produced, that position of the
electrode which produced it was selected for use throughout the expe-
riment., The electrode destined for the MRF was then positioned in a
gimilar feshion, using one 30-msec train of .1 msec pulses at 300 Hz
and 4«6 V, The final location of the MRF electrode depended upon its
affecting & reliable enhancement of the amplitude of the LGB-elicited
cortical response (see Review of the Literature)., The MRF=LGB interval
was set at 20 msec or longer since such enhancement wes reliably observed
only at these longer intervals, In some experiments, the MRF elesctrode
was eithar initially or subsequently positioned in the predetermined
locus for the SC.

Following placement of the subcortical stimulating electrodes
(and adjustment of the optic stimulator when photic stimulation was
employed), Helothane was withdrawn for some animals. With 2 exceptions
(see cats 316 and 333 in Table I, Appendix B), when Halothane was withe
drawn, it was for the duration of the experiment., For cat 316, dif-
ferent units were monitored with and without Halothane, For one unit
in cat 333, however, Halothane was withdrawn and readministered itera=-
tively (see Results),

The microelsctrode was then positioned over the left marginal
gyrus and lowered until auditory contact was mede with either the dura

(when not resected) or the pia mater. The point of contact of the
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electrode with the pial (or dural) surface, as measured on the micro-
drive vernier, was taken as the zero reference (H-0), Its rostro-
caudal (A-P) and lateral (L) locations were established by measuring
its distance from the stereotaxically positioned MRF electrode and

the sagittal sinus, A 1=-megohm shunt resistor which had been switched
across the input to the DC probe head (in order to prevent high current
densities from damsging the electrode tip) was then switched out. The
electrode was subsequently advanced in 25-50/A turns within e 2-3 mm
range and usually left in situ for a few minutes initially to permit
cortical stabilization following the dimpling ordinarily ceused by the
microelactrode penetration,

Biased sampling of neurons when recording with microelectrodes
often arises because those neuyrons which gensrate a notable degree of
spontaneous activity are most likely to be picked up for recording.

In order to avoid that bias, several kinds of stimuli were administered
concurrently during the search for units in cortex, the purpose being
to drive those units that were not spontaneously, or frequently, active,
The assortment of stimuli used were the followings periodic shocks to
the LGBs photic stimuleation with a moving flashlight} occasionally, MRF
tetanization, changes in ambient illumination and levels of Halothane,

When a sizeable and relatively clean unit was located - as determined
by auditory signals and oscilloscope tracings - and held for longer than
a few seconds, ths histogram plotter was set to cumulate the results of
16=32 sweeps, with 200 time bins at .5 msec/bin (to coincide with the
total swsep duration on the oscilloscope of 1 sec). 1If ssveral neurons
were registered simultaneously, the threshold voltage was used in an
attempt to filter out all but the largest unit (the spike amplitudes

renged from saveral hundred microvolts to several millivolts), When



good unit resolution was not obtainable, unit clusters were sometimes
racorded as they were found to generate the same effects. Such charac-
teristics of the unit's mctivity es its waveform, duration, spontaneous
firing frequency, response to photic stimuli, receptive field location,
ware roughly assessed and included in the experimental protocols, The
depth of the microelectrode placement was noted following the experi-
mental treatments, When recording in cortex was precluded by uncontrol-
lable brain pulsation, the microelectrode was advenced to monitor the
responses of presumed radiation fibers and units in midbrain regions,
With the histogram plotter operative, the frequency distribution
generated by a single pulse to LGB was roughly compared to that pro-
duced by the spontanesous activity of the unit; that is, the unit was
sssessad as being either responsive or not to LGB stimulation, If it
showed any times=-locked activity, as many of the following treatments
were implemented as wes made possible by the length of time the unit
was held. Histogreams were plotted for (1) the background or sponta-
neous level of unit Pirings (2) response to LGB (or photic stimulus)
alone; (3) variation of LGB intensity; (4) the effects of LGB condi=-
tionings conditioning pulses delivered to LGB itself prior to the
LGB test shock, at interstimulus intervals ranging from 0 through 400
msec; (5) MRF (or SC) alones (6) MRF (or SC) conditioning, at inter~
stimulus intervals ranging from 0 through 300 msec {(calculated from
the end of the conditioning train); (7) variation of MRF intensity,
for & fixed MRF-LGB interval; (B) varistion of LGB intensity with
MRF conditioning, A quasi-random sampling strateqgy was used for the
various conditions since each unit was to have been monitored for an
indeterminate length of time (ranging from a few minutes to several

hours),
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The conditioning stimulus to LGB was generally identical to the
test shock to LGB (.5 msec pulse) and was delivered via the same elec-
trode. In the two instances whare conditioning in LGB consisted of a
train of pulses, these were still delivered through the same electrode
by connecting the stimulus isolation units in series, The stimulus
parameters for the LGB train were identical to those set for the MRF
(or SC) treinsi e 30-msac train of .1 msac pulses at 300 Hz, Current
flow in the stimulating circuit was estimated as falling in the range
of 30-200 ,uamps (at S0 kohms*) for the more common voltage settings
of 1,5=10V,

The influence of several other varisbles, such as Halothane
level and background illumination, were briefly esvaluated as well,
Faster sweeps (2-20 msec/cm) than the standard 100 msec/cm were pho=
tographed in 20% of the units to permit an essessment of the influence
of the experimental treatments on the initial 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 tracings.

Given the administration of Flaxedil, the animal's level of
alertness or arousal was assessed by sporadically monitoring its corti-
cal EEC es well as the extent of its pupillary dilation. The EEG pat-
tern seen most commonly with Halothane was one containing high-ampli-
tude, low=frequency waves interrupted by periods of desynchronization,

Such periods were more frequently observed after Halothane had been

* In this particular series of experiments, electrode impedances, as
messured in normal saline, varied between 25 and 65 kohms, values of
50 kohms being most representative, Electrode impedances of similar
values were established in vivo in earlier experiments in this labo=-
ratory: on-line measurements with a Tektronix induction-coupled probe

have indicated that our current values were within the range citsd above,
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withdrawn, The most common pupillary status, during Halothane in parti-
culer, was a hjigh degree of constriction (usually associated with sleep
or drowsiness)., Various degrees of pupillary dilation were often noted,
however, after Halothane had been withdrswn, A fair range of arocusal

levels seems to have been in effect over the course of this study.

Analysis of Data

The completion of a histogram plot (PSH) of the recorded unit's
spike distribution following & single electrical shock to LGB was the
minimal condition for inclusion in Table I of Appendix B, Units that
exhibited no time-locked response to the test stimuli were discarded,
Among such, however, were a few units which had responded with a total
cessation of firing for protrated periods = that is, for longer than 1
sec (the longest sweep duration used); and others which had failed to
give rise to suppression after the initial traces (possibly as a result
of habituation), were discarded as well, any ostensible response having
been obliterated after the first few traces in the histogram.

The units sampled in this study were assigned to three general
locationss those in cortex, its adjacent white matter, and in the mid-
brain, The cortical units included (1) those recorded at any latera-
lity when the depth of the microelectrode tip did not exceed 2 mm below
the pia mater (and 2-2,5 mm below the dura); and (2) units at any depth
(up to 6 mm) whose laterality did not exceed 2 mm from the midline (for
reasons evident in Fig. 2b), Fig. 2a shows that most of our miecroelsc-
trode penetrations centered around the border of areas 17 and 18 (ac=
cording to Otsuke and Hassler, 1962) and in Hubel's VII cortex (but

see Woolsey, 1971).



The units in the second category = white matter adjacent to
cortex - were allocated by exclusion since their coordinstes did not
meet the above criteria for cortical units and yet were too shallow
for location elsewhare, Because of the occurrence of cortical ‘dimp=-
ling, * however, many units in the second category no doubt belonged
to the Pirst, The loci of the midbrain units, few in number and of
minor interest in this study, were roughly estimated from their ste=

raeotaxic coordinates and the atlas of Jasper and A jmone=Marsan (1954),

The histograms for each unit filmed at 100 msec/cm sweep spesd
were evaluated primarily for alterations in the duration of suppres-
sion of spike discharge following the LGB test shock (or photic sti-
mulus), The occurrence of suppression was escertained by a decrease
in discharge frequency as compared to that preceding the stimuli
(see Fig., 3a). 1ts duration, measured with the aid of a microfilm
reader, was then expressed in msec, The ‘cantrol' value used to as=-
sess the effects of experimental treatments was established by aver-
aging the suppression measurements for all available frequency distri-
butions (when more than one was obtained) generated by a shock to
LGB alone (or by a photic stimulus), The values for suppression du-
ration were then expressad in terms of the percent of the contrel

condition,

It must be noted that these suppression values were obtained from

histograms accumulated from 16 (or 32) individual traces. A PSH, which
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Fig. 2. (a) Tracing from the atlas of Jasper and A jmone-
Marsan (1954) illustrating the superior surface of one
hemisphere of the cat's brain and the area of microelec=
trode penetration in this study (cross-hatched). (b)
Xerograph of a coronal section (at A3) of one cerabral
hemisphera from the cet atlas of Fifkové and Marfala (1967),
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displays the number of neuronal discharges occurring at various times
after anch of a series of identical stimuli, indicates the distribu-
tion of probability of unit discharge following LGB (or photic) exci-
tation (Burns, 1968). When the 'spontansous® or maintained activity
preceding the stimulus ygs low - thus providing no raliable estimate of
the ‘'sampling - error' - and the nature of the spike distribution fol=-
lowing the suppreassion period tended towards the normal 8 in Fig. 3b,
the suppression values are representative of a minimal rather than

an average duration per histogram, For only that intervel which was

entirely free of recorded events could be adjudged as ‘suppressed,’

(2) ' (b) (c)
'Smph'ngs Spike. supprassion : :
ot (L : 7 : :
PR T P sl P
[N N ] e .......I. » L ] [ E XN NN NN ] * IE a0 [N N ]
= APL~—%

fig, 3, Schemata of PSHs generated by a shock to LGB illustrating
the three components of the corticel unit's response (for
details, ses Results)s (a) PSH with 'sampling error preced=-
ing the responses (b) measurement of minimal suppression
duration dus to lack of sampling error; {c) PSH with skewed
afterdischarge distribution,
Even when the spike distribution was very skewed, 88 in Fig, 3c, the
error tended to be one of underestimation of the duration of suppres-
sion. This was shown by a number of comparisons betwesen the duration
of spike suppression in single traces and in the associated histograms

(e.g. Unit 294/1 fn Fig. 4) where it was evident that suppression was

of far longer duration in the individual sweeps.
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For some units, the latency to the peak of the spike distribu-
tion following suppression (APL, as in Fig. 3b, for ‘'sfterdischargs’
peak latency) was measured as well, Furthermore, the overall size
of these distributions was roughly estimated as being either aug-
manted or diminished in relation to the afterdischargs produced by
the test shock to LGB, A similar assessment of the effects on the
distribution of the initial spike discharges was made when a faster
sweep was smployed, But the characteristics of the discharges which
immediately succeeded the stimulus often had the earmarks of field
potentials; that is, their waveform and particularly the varisbility
in their amplitudes indicated that they could have bsen recordsd with
a macroelectrode. Since an accurate assessment of alterations in the
initial spike discharges seemed precluded thereby, these data wsere
df{scarded and the reported results were confined to the slower sweep

spaeds nscessary to monitor spike suppression in this study,
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RESULTS

General Characteristjcs of the Unit Response
in the Visuml Cortex to LGB Shock

Several response patterns were observed from the 72 units of the
visual cortex and its adjacent white matter following a single electrical
shock to LGB, The most common and conspicuous pattern (for 75% of
these units) at slow sweep speeds (100 msec/cm) was a sequence compris-
ing a brief high~frasquency cluster of spikes*, followsd by a period of
discharge suppression of veriable duration, followed in turn by snother
variable period of often increased firing frequency (the 'afterdischarge’).
Samples of individusl traces which were accumulated to produce the ace
companying histograme are illustrated in Fig., 4 for two different units,
The major differences observed among unite monitored at slow
sweep speeds resided in their being truly single units (as in Unit
294/1 in Fig. 4) or unit clusters (as in Unit(s) 333/1), in the level
of their sponteneous discharge frequencies, and in the degree of their
afterdischarge. Although the differences in spontaneous activity and
afterdischarge are svident in the two histograms, the latter are dis-
tinctly similar in the marked period of suppression following the LGB
test shock. For the individusl traces, however, the tarm suppression

is an inappropriate characterization for the silent period following

* At faster sweeps, these resolved into a burst of 3-5 spikes, all of
which were cotemporal with the positive-components phese of the evoked
potential recorded epicortically. The number of spikes preceding the
discharge suppression wes sometimes seen to vary ae& a function of the
sevaral experimental treatments administered, As earlier noted, how-
ever, the meaning of such observations is rendered moot by the ques=-
tionable naturs of the initial spike burst in this study. As a con-
sequence, little additional mention will be made of this aspect of the
unit's response.



Fig. 4, Samples of the corticel response to LGB shock

for 2 units (294/1 and 333/1 ) at 100 msec/cm, Indivi-
dual traces are sesn on the left (negative up). Histo-
grams sccumuleated from 32 (for 294/1) and 16 (for 333/1

and all unite hereafter) such traces are on the right,

The bin width for all histograms was § msec, The arrow
below each photograph indicates the onset of the corti-
cal response - both the unit response (top channel) and
the gross potential (bottom channels seen clearly only
in the lowsr right-hand trace). The 2 upper traces were

retouched,
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the LGB shock since the spontanesous activity was often not high
enough to warrent it., But both the accumulated activity in the his-
tograms, as well as the membrane hyperpolarization known to accompany
these silent periods, justify its use.

Responses consisting solely of an incressed discharge frequency
were more unusual (25%), the frequency increment occurring at long
latencies and probably corresponding to the above-mentioned afterdis-
charge, Minor variations of these two patterns were also seen; the
most notable involved a delay in the onset of discharge suppression
(illustrated in Fig. 10), Except for these units, the latency of the
suppression period usually consisted of the time taken for the occur-
rence of the initial spike burst which, at the slower sweep speeds
(100 msec/cm) used to evaluate alterations in the suppression period
throughout our experiments, wes inseparable in the histogram plots

from the stimulus artifact (the bin width being 5 msec),

When an LGB shock elicited any suppression at all in the corti-
cal (and adjacent) units, its average duration was 155 msec (ranget
20-300+ msec), & value compatible with the reported duration (100-200
meec or mors) of intracellular polarizing potentials initiated in cor-
tex by stimulation of the optic tract or radiations (e.g. wWatanabe

Bt Bl.p 1966).

The foregoing summary was drawn in large part from Table I of
Appendix B, Table I also provides information on the location and
levels of aneesthesia for ell units included in this report. All

tables referred to hereafter will be found in Appendix 8.
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Effects of Varying Shock Jntensjty to LGB

In 11 units (10 in cortex and one in its adjacent white matter),
the responseselicited by incremsing intensities of LGB shock showed
that the duration of spike suppression varied directly with the inten-
sity of LGB stimulation (Teble 1I)..: Fig. S demonstrates that at rela-
tively low shock intenaities there mey be little or no suppression
(see graph and oscilloscope tracing at SV for Unit 425/12), while in-
creasing shock intensities generated prograssively longer periods of
discharge arrest, This suggests that increamsing LGB intensity may
have revealed suppraession in those units where nons was actually ob-
served (the 25% of the units referred to in thes last section), The
order of stimulus presentation, whether sequential (s), that is, pre-
sented in order of incressing intensity, or quesi-random (R), was
clearly inconsequentisl (sees same Fig.). Only one negative instance
(where the LGB shock had not elicited the cleasical surface potentisl)
and one questionable sequence were observed, the latter for a midbraein
unit,

The effective range of shock intensities on varying the duration
of discharge arrest appeesred equal to or greater than the range effect-
ing the amplitudes of the gross cortical surface potential. Since the
LGB=shock intensity employesd for most of the experiments in the fol=-
lowing sections was one which produced a just submaximal surface poten-
tial (in order to securs its relimbility), this cbservation suggests
that the duretion of discharge suppression used as criterion (‘'control')
wes below its maximal value,

The effect of increasing the intensity of the LGB shock on the
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Fig. 5. Effecta of increasing LGB shock intensity on the
LGB=-elicited spike suppression for 2 units in the visual
cortex of the same cat., The stimuli were presented in in=-
creasing intensities (S) for 425/8 and in quesi-random or-
der (R) for 425/12. The ordinate scals for the histegrems
on the oscilloscops tracings refers to 10 pulses/S msec
taken over 16 trials (as will all such scales hereafter).
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unit's afterdischarge wes clearcut in some units and imperceptible in
others, Increasingly long suppression was accompanied by increased af-
terdischargs in Unit 425/12 (Fig. 5), but the two were not correlated
for Unit 8 in the same cat (seme Fig.). wWwhen mltered, the degree of
afterdischarge appears here to have been directly related to the extent
of prior discharge suppression. As will be seen later, however, the
two ~ duration of discharge suppression and degree of afterdischarge -
were not always related in this manner,

The histograms for Unit 425/12, which exhibit a relatively high
degree of afterdischarge, suggest that the duration of the alterations
in spike discharge frequency induced by an intenss LGB shock exceeds
the compass of our photographed observations (1 sec). Since this last
was often the case, and also because the density of afterdischarge was
often not great enough for reliable quantificetion, a measurement of
the latency to the peak of the afterdischarge distribution (APL) was
introduced. Riggs (1971) hms pointed out, furthermore, that ", . .
it is often truse, in the electrical recording of visual responses, that
latency measurements are more reliable than measurements of amplitudes
of response potential waves or frequencies of nerve impulses.' (p.309).

The histograms in Fig. 5 indicate that as the LGB shock intensity
was increased, and as the duration of spike suppression increased con-
comitantly, so did the APL, an observation quantified and presented
for two different units in Fig, 6. Although the APL and the duration
of spike suppression are here shown to be closely related, the utility
of these independent measures may lie in their differential suscepti-

bility to random deviation (as will be seen later).



Fig. 6. Effects of increasing LGB shock intensity on two
indepandent meamsures: on suppressjion duration and on the

afterdischarge peak latency (APL) in two different units,
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Influence of LGB Conditioning on the Response to LGB Test=-Shock

When the LGB test shock was preceded by an identiceal condition-
ing stimulus to LGB = delivered via the same slectrode and with the
same stimulus perameters (.5 msec pulse at 8V in the forthcoming
instance) -~ the curve seen in Fig. 7 was obtained as a function of the
interstimulus interval, At the shorter conditioning-test intervals
(less than SO meec), the duration of suppression was extended, when
expressed in terms of percent of the control lavel (which was the du-
ration of suppression elicited by the LGB test shock by itself); while
at the longer interstimulus intervals (100 meec and longer), suppression
was abbreviated ., It is svident that when the second.shock is adminis-
tered early within the suppression period generated by the first shock
{before it has run its course), then the suppression following the
second stimulus might be expected to combine with that from the first
to produce a more prolonged period of suppressjon, This is, in fact,
what occurred. 0On the other hand, when the interstimulus interval is
increassd, ths suppression gensrated by the second shock would coincide
with the afterdischarge elicited by the first stimulus, and the two
opposing effects might be expected partially to cancel one another out
in an algebrasjic summation, as it were, As is demonstrable in the same
Fig., less suppression was indesd observed at these longer intervals,
while the afterdischarge elicited by the first shock was partially ob=-
literated.

Fig. 8 provides snother illustration of the dusl-LGB effect on
discharge suppression. It also shows that when multiple conditioning

shocks (6 shocks at 300 Hz) were administered to the LGB instead of a



Fig. 7. Effects of a conditioning shock to LGB on the spike
suppression elicited by an identical LGB test shock (St). The
duration of suppression is expressed as a percent of the con-
trol velue (St) - that duration of suppression (shown in msec
on the graph) elicited by 5t alone, The oscilloscope tracings
demonstrate, as does the graph, that the duretion of spike sup=-
pression declines as a function of the length of the intersti-

mulus interval,
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Fig. 8. A comparison of the effects of single vas, multiple
conditioning shocks to LGB on spike suppression elicited by
the LGB test shock (St) from a unit in the visual cortex,

48



LGB pulse + 5y

O

SUPPRESSION DURATION
(% control)

Unit 333/1

LGB alone (5;)

L 1

100
Sy DELAY (msec)

LGB train + S

a---a

6%



50

single pulse, the identicel effect was cobtained, Again, the short
interstimulus intervals (measured from the end of the conditioning
train) produced e longer duration of suppression than the longer in-
tervals, This waes so in spite of other changes in the conditioning
stimulus parameters: the pulse width was abbreviated (from .5 to .1
msec) and the intensity of esach pulse wes diminished (from 8V to 4V)
to conform to the stimulus parameters used later for conditioning in
MRF, Furthermore, the order of presentation for the multiple shocks
was not randomized (as it wes for the single conditioning shock).

The fact that multiple conditioning shocks with the stated parameters
and order of presentation had ean effect that was identicel to that
generated by a single conditioning pulse to LGB indicates that the
crucial pearameter in this case wes the interval between the last con=-
ditioning shock and the test shock. All the other instances of LGB
conditioning thus used a single conditioning shock which was easier to
administer,

Fig. 8 elso illustrates that the afterdischarge following the
conditioning stimulus and the suppression slicited b* the test stimu-
lus dd not always interact in the mlgebraic fashion posited earlier,
The abrupt interruption of the afterdischarge by the onset of suppres-
sion is vividly displayed in the histograme for the longest intersti-
mulus intervals (bottom histograms on left and right in Fig. 8). The
test-shock elicited suppression seems completsly to override the power-
ful excitatory afterdischarge generated only a few milliseconds esrlier,

The aspect of afterdischarge distributions following the test

shock which seemed most clearly affected by veriation of the stimulus
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intervals was its skewnesss the shorter the interstimulus intervel,

the longer the suppression duration following the test shock, and the
more skewed the afterdischarge distribution, Without any information
on additional aspects of the afterdischarge distribution, however,

this appears to be but another way of describing the alterations in

the period of suppression. The afterdischarge in Fig. 8 was of suf-
ficient density to evidence that no simple relation between it (its

degree, for example) and the prior suppression can bs established for
the short term (the 1 sec sweep duration), Messurements of the APL were
not undertaken for these units (see explanatory footnote** on page 64).

Fiq, 9 furnishes a summary of the group results obtained upon
cenditioning in the LGB, The graph presenta the mean duration of spike
suppression (in terms of percent of control) plotted as a function of
the test stimulus (St) delay, the length of the vertical lines repre-
senting the atendard deviation at eech delay., As the deley was increased,
the duration of supprassion declined from values which were initiaily
higher than the contrel velue. The transition from the prolonged
suppression to its reduction occurred at a delay somewhere between
25 and 50 msec, The relatively larger scatter of the deta at the long-
est interval (200 msec) indicates that a return to baseline vmlues oc=-
curred at that interval for some units, while the decline in suppression
duration was still progressing for othersa.

In no case for ths 11 curves plotted (for 8 corticel and one adja-
cent unit in white matter) was thers s negative instance to this sequence,
although in three of the units evaluated early in this study no exten=-
sion of suppression was observed as no interstimulus intervals less
than 50 msec were sampled (Table III). One negative instance was observed

in a subcortical recording locus,



Figs 9. Group data: Relative changes in the duration of
suppression elicited by a test shock to LGB (St) as a func-
tion of its deley from @ conditioning stimulus to the same
site in LGB, Black dots indicate mean values (in terms of
percent of control) and vertical lines, the standard devi-
ation at sach delay. (N=11 sets of data obtained from 9
units,)
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Conditioning in MRFs Effects of Interstimulus Interval

Fig. 10 illustrates the effects of tetanizing MRF on the duration
of discharge arrest following the test shock to LGB, The oscillaoscope
tracings at the bottom show that when MRF and LGB stimuli were combined,
discharge suppression, expressed in terms of percent of control, was
sbbreviated at brief interstimulus intervals (less than 50 msec) and
extended at intervals of 50 msec and longer. Consequently, the time
course for prolonged suppression was greater, but its extent, given the
200-300 msec range of intervals used in this study, wes not established.
The tracings also demonstrate an increment in the degree of afterdis-
charge, as well as s reduced latency to the peak of the afterdischarge
spike distribution, at the shorter interstimulus intervals (see below).

The opposition between the effects of MRF and LGB conditioning
is readily evident in the four units of Fiq. 11, where conditioning in
both loci was implesmented in the same unit. The relatively high degree
of variability observed among the unite is confirmed in Fig. 12 which
presents a summary of the group results for the positive findings with
MRF conditioning (N=22, for 19 units). Additional positive instances
wera excluded from this summary (ses Tebles IV and V) because the con=-
trol value was at 0 msec (no suppression); hence percenteges could not
be computed,

Thes transition from abbreviated suppression to its prolongation
occurred just above the S0-msec interval, the highest degree of scatter
also occurring at that interval, The possible contributors to the va=-
riability observed for MRF conditioning, such as Halothane level, am-
bient 1illumination, and the intensities of conditioning and test shocks,

will bs discussed in following sections.




Fig. 10. Effects of tetanizing MRF on ths test response (St)
elicited by a shock to LGB, The graph was based on deata il-
lustrated in the histograms obtainad.at the various delays in-
dicated bensath the oscilloscope tracings. The ralative dura-
tion of spike suppression was seen to increase as a function

of the S, dalay.

t
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Fig. 11. A comparison of the effects of MRF conditioning
{solid line) va. LGB conditioning (dashed line) in terms of
the relative suppression period elicited by a shock to LGB,
The data in each graph were obtained from the same unit,
the left=-hand graphs under low ambient illumination, the
right=hand graphs at high levels of light adaptation,
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Fig. 12, CGroup data: Relative changes in the duration of
suppression elicited by a test shock to LGB (St) as a funce
tion of its deley from the end of the MRF train, Black dots
indicate mean values, and vertical lines, the standard devi-
ation at each delay, (N=22 sets of data obtained from 19
units,)
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These findings were obtained for 63% of the replications in cortical
(and adjacent) units so tested (Table 1V). An additional 20% exhibited
the same sequence in some variation (Table V). Seven percent of the units
produced claar negative instances, in which the MAF=LGB combination induced
a diminution of suppression throughout the temporal range (Table VI). In
10% of the units, no interactive affect was observed in response to the

MRF and LGB inputs (Table VI).

(a) Effects of MAF alone. MRF activation, when initiated without an ac-

companying LGB pulse, usually produced a marked degree of enhancement of
spontanaous spike discharge at the stimulus intensity used (4-5V; 5V for
Unit 320/2 in Fig. 10). The latency of enhancement onset ranged between
approximately 25-100 msec from the first pulses in the MRF train (30-msec
gate), with fewsr instances at the longer latencies. Occasionally, the la=
tency to enhancement consisted of a period of discharge suppression as was
the cese in Unit 320/2, The duration of enhancement was, most commonly,
several hundred msec long or observable until the end of the 1=sec trace,
with increased frequencies of discharge often being clearly audible for
several seconds thereafter, and sometimes for longer still., More limited
pariods of enhancement wers seen as well, lmating for some 100 msec, for
example, Brief periods of suppression were rarely observed within the con=-
text of spike enhancemsnt generated by the MRF, but there often was an at-
tenuation of enhancement tending to occur some 100=-150 msec after the end
of the MRF train, This wes characteristically followed by the development
of another peak of enhancement, signifying a bimodel distribution of the
facilitatory effects of MRF activation (see distributions for 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 rarely

descended below the spontaneous discharge frequency; when it did, it was




svaluated as a period of suppression generated by MRF alone. Despite
this varisbility in the cortical unit's response to MRF activation,
when the latter wes combined with an LGB shock, the same sequence of
avents wes almost insvitably reproduced, nemely, a reduction of the
period of suppression elicited by the LGB shock followed by its pro-

longation at the longer interstimulus intervels.

(b) MRF=LGB Interaction. A more detailed analysis of the effects of
MRF-LGB interaction is useful for Unit 320/2 illustrated in Fig. 10.
This unit is of particular interest baceuse the same sequence of svents
was observed in spite of the somewhat unusual characteristics of its
response to both LGB end MRF stimuli when independently presented. The
response to LGB shock was unusual in its delaysd onset of suppression
which was nonetheless clearly present. The discharge enhancement pro-
duced by the MRF train was not only delayed as well, but preceded by an
equally clearcut period of discharge suppression.

For those units which exhibited an unequivocal and prolonged
enhancement of spike discharge following MRF activation, the adminis-
tration of an LGB shock soon after the end of the MRF train predictably
shortened the LGB-induced suppression, For some units, not only was
suppression reduced, but an actual enhancement of spike frequency occa~
sionally occurred et these short intervals., This was so for Unit 320/2
where the length of suppression was shortenad and the initial spike
response to LGB shock (prior to suppression) was noticeably enhanced =
an outcome that was less predictable for this particular unit due to
the initial suppression caused by MRF alone. Quite the opposite took
place for Unit 320/2 et a longer MRF-LGB interval (s.q. at 150e msec)

where the LGCB-elicited suppression was extended., It must be noted that
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the prolongation of suppression at this (150-msec) delay, and even at
the longest test-shock delays, occurred well within the range of inter-
vals where MRF alone had generated enhancement of the spontansous dis-
chargs., A simple superposition of the responses to MRF and LGB stimuli
is thus an'uniikely basis for the observed effects of MRF-LGCB interaction,
The abrupt interruption, by the LGB input, of the enhancement generated
by the MRF train also militates against such explanation,

Inspection of alterations in the afterdischarge distributions in
Fig. 10 discloses that the shortest MRF-LGB intervels generated a much
higher rate of afterdischarqge than had the LGB shock, by itself, Hence
a uniform effect on both suppression and afterdischarge was operative
at the short intervals: suppression was foreshortened and afterdis-
charge enhanced-- both effects being facilitatory. At the longest in-
tervals for Unit 320/2, only suppression was affected; the rete of af=
terdischerqe wés not much altered, For other units, a uniform influence
was observed at the longer intervals as well, when suppression was ex=
tended and the degree of afterdischarge reduced - an inhibitory effect
throughout, For these units, an inverse relation may be said to des-
cribe the duretion of suppression and the subsequent rate of afterdis-
charge. But thie picture of homogeneity was somewhat complicated by
the longer=term (}-1 sec) influences on the afterdischarge - noted in
the protocols for several units, For Unit 320/2, for example, the
least off='scope activity wes recorded for the short interstimulus in-
tervals ( which had earlier exerted the uniformly excitatory influence);
while the highest degree of longer~term activity was noted for the longer

intervals (associsted with an sarlier suppressive influence).
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MRF-L.GB Interactiony Influence of Hmlothane

The data for the cortical units included in Fig. 12 were sepa~-
rated into two groups - one for which Halothane had been administered
throughout (Nz12) and another for which Halothane had been withdrawn
following surgery (N=8), Despite the different composition of the
two groups (see Table VII), a distinct similarity of potential import
is svident in Fiqg. 133 Both functions exhibited the highest - and vir-
tually identical - degree of variability at precissly the same inter-
val (50+ msec). The scatter at all but one other interval was more
extensive with Halothane, This may have resulted from the range of
Halothene flow rates employed (.33-1.0%) end the larger number of cats
in the group; or it may have been due to a greater intrinsic variabi-
lity caused by Halothana itself. Some support for the latter view is
provided by the dats in Fig. 14 which illustrates the relation between

the duration of suppression and the afterdischarge peak latsncy (APL),
both with and without Helothane, for the same unit,

St delay was plotted esgainst reel time in Fig, 14 (i.s. in abso-
lute veluee) to permit a clearer view of the relation betwesn supres-
sion and the APL, While the duration of suppression and the APL seesmed
closely related when no Halothana had been administered, no such rela-
tion was observable with 1% Halothane. This finding was confirmed for
most othar such comparisons* (albeit not in the same unit, as above)
and with other experimental conditions es well (LG8 conditioning**, for

example; ses Teble X ).

* Several units sampled per experimentsl condition were thought to sa-
tisfy the purposes of this comparison,

#% 1t can now be stated that no APL measurements were pressntad for the
data in Fig, 8 (LGB conditioning) as these data had been recorded with
Halothane. No clear relation would therefore have bsen demonstrable bet-~

ween suppression and the APL (see Table X ).



Fig. 13. Group datas Effects of Halothane administration

on the spike suppression elicited by the LGB test shock (St)
as a function of its delay from a conditioning train to MRF,
Mean values for the relative duration of suppression are given
by the black dots for the No Halothans condition and by the
triangles for the Halothane condition., The standerd deviation
at sach delay is given by the solid vertical lines for the

No Helothane, and by the broken lines for the Halothane, con-

ditions,
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Fige. 14, A comparison of the influence of Halothane (at 0%
and 1% in the left and right oscilloscope tracings, respec-
tively) on the effects of the MRF=-LGB interaction observed

in Unit 333/1, The measures used, the duration of the LGB~
elicited spike suppression (solid curves) and the APL (broe-
ken curves), were obtained m8 a function of the interstimu-

lus interval,
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MF~LGB Interactions Jnflusnce of MRF Intensity

Fig. 15 illustrates one of the effects produced by varying the
intensity of the MRF train at e fixed MRF-LGB8 interval (45 msec hers),
The left-hand oscilloscope tracings show that as MRF intensity wes in-
creased from 1.5V to 6V, the duration of LGB~-slicited suppression, which
was initially longar than the control value (single trace on right),
was prograssively attenuated. A concomitant increase in the degres of
afterdischarge and a decrease in its peak latency (APL) is readily sesn
in the same tracings. The effects of stimulating the MRF alone (tra-
cings on right) will be discussed at the end of this section,

Similer, though not identical, results were obtained in three ad-
ditional instances (Units 333/2, 425/12a, 425/12b in Table VIII1). The
similarity resided in the overall decline in suppression seen for thess
units over the range of MRF intensities edministered. The difference
lay in the increment in suppression seen in the mid-range of MRF inten-
sities (clearly depicted in Fig. 18) which might better be characterized
by an inverted-U, rather than by an inverse, relation. Only a much
larger sample (N=8 here) and a more detailed assessment of the effects
of MRF intensity would permit an appropriete characterizetion of the
relationship. S5till, the lower tetanizing voltages to MRF did tend, on
the whole, to prolong LGB-evoked suppression, while the more intense con-
ditioning trains tended to curteil it (Table VIII), It is noteworthy
that the less intense MRF trains prolonged suppression.

Fig. 16 presants three sets of grephs illustrating the relation
between the temporal (bottom graphs) end intensive (upper graphs) vari-
ables for three units, The MRF intensity curve for one of these, Unit

331/2, is the graph drawn from the oscilloscope traces in Fig. 15,



Fig. 15. An tllustration of the effacts of varying MRF
intensity (a) at a fixed MRF=LGB interval (45 msec) - see
oscilloscope tracings on the left - and (b) on the spon-
tansous activity (tracings on the right) derived from Unit
331/2 in visual cortex,
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Fig. 16, Ths three uppsr graphs illustrate the effacts of
MRF intensity (along the abscisse, in volts) on the suppres-
sion duration of the test response ( in parcent of control),
for a fixed MRF=-LGB interval, The influence of MRF intensi~-
ty appears to depend upon the relation of the fixed MRF-LGB
interval to the 'transition® interval (see text)., The lat~
ter can be sean on the bottom graphs where suppression is
shown a8 a function of the MRF-LGB interval. When the MRF=-
LGB interval emplyed was longer than the transition inter-
val (as in Unit 423/4), suppression was lengthened through-
out, When the fixed interval was shorter than the transi-
tion interval (Units 331/1 and 331/2), suppression was gsne-
rally shorter than the control value. The effectiveness of
MRF intensity as such is clear only in Unit 331/2, where the
duration of suppression was abbreviated as a function of in-

creasing MRF intensity.
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Clearly, the two other intensity curves are unlike it, in exhibiting
either s relatively constant prolongation of suppression over all
MRF intensity values (Unit 423/4) or, conversely, a diminution of sup-
pression throughout the intensity range (Unit 331/1). The constancy
of the effects indicates that these were determined more by the tempo-
ral paramater (the fixed MAF-LGB interval) than by the MRF=-intensity
variable which failed to markedly affect the duration of LCB-elicited
suppression in these units., Howsver, if the inverted=U function were
descriptive of the reletion betwsen suppression and MRF intensity, these
two units could not be readily excluded from among the positive ins-
tances (thus augmenting their number to 6/8+),

The normal procedure for examining the influence of MRF intensity
would require the selection of a particular MRF-LGB interval. Since
the test-stimulus delay had a marked effect on ite subsequent suppres-
sion, it was decided to set that interval at or near the valuas corres-
ponding to the centrol condition - that is, where ths curves tend to
cross the dotted line (bottom graphs in Fig. 16). This was designated
the *transitional® interval. Prior to the actuml date analysis, however,
there was no means of accurately sslecting such an interval and the data
seem to reflect that fact. For Unit 423/4 (in ?19. 16), for example,
the chosen MRF-LCB interval (55 msec) was longer than the transitjonal
interval (bottom greph) and thus might have tended to bias the results
toward prolongation of suppression, as was the cass (top graph), Con-

versaly, the 40-msec interval selected for Unit 331/1 (same Fig.) was

# In the two remaining instances, the results for Unit 423/1 were ambigu-
ous in exhibiting a declining function except for the highest MRF-inten=-

sity value, while Unit 423/3 was a decidedly negative instance in having

given rise to an ascending suppression function, with prolonged suppres-

sion over all MRF intensities.
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far shorter than the actual trensitional interveal (bottom graph) and
the opposite bias, toward abbreviation of suppression, was sesn here
(upper graph), The same bias is svident for Unit 331/2 where the 45~
msec interval would have been expacted to introduce e bies toward di-
minution of suppression (bottom graph)., This was confirmed (upper
graph) since the majority of points were below the control value,

The major difference between the intensity curves obtained for
Unit 331/2 and the others in Fig, 16 is the epparent effectivenass of
the MRF-intensity variable for 331/2 as opposed to its ostensible fail-
ure in exerting any influence on those units where a relatively uni-
form outcome wes observed over all intensity values , But inspection
of the APL functions in Fig. 17 reveals that MRF intensity did in fact
influence some aspect of Unit 331/1's response: for this unit, an in=
verse relation was cbtained for MRF intensity and the APL, This was
so for Unit 331/2 as well, Halothans had been withdrewn prior to re-
cording from these units. All other units so tested had besen recorded
under Halothane, Only one of these exhibited a clearcut influsnce of
MRF intensity on the APL (Unit 425/128 in Table VIIIa), Interestingly,
an inverse relation was descriptive of the APL results as opposed to
the inverted-U relation seen for suppression (see Fig., 18 for the lat-
ter). These observations confirm the earlier description of (1)ia.disso-
ciation introduced by Halothane bestween the findings for suppression
and the APL; and (2) the varimbility of the APL itself, also brought

about by Helothane,




Fig. 17. The influence of MRF intensity on the APL (in

percent of control) associated with the three units re-

presented in Fig. 16. The actual value (in msec) for the
APL following the LGB shock alone is shown, for each

unit, on the dotted line demercating the control (100%)
value,
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(a) The Effacts of MRF Alone: An Amendation., The observation that

MRF appears mainly to enhance the maintained discharge may now be amended
in viewing the right-hand tracings in Fig., 15t a comparison of the
levels of spike discharge preceding each MRF train reveals a decline

in spike frequency with increasing MRF intensjties. Since each histo~-
gram was compiled from 16 separate trials, and the intertrial interval
was 4 sec here, a long-latency suppression with long time course appears
to have been in effect at the highest MRF intensity (6V), one that was
cumslative from trial to triel. Wwith the less intense MRF trains, this
latency to suppression appears to have been shorter: note the develop-
ment of spike suppression towerd the end of the 4V trace, some 500 msec
after the end of the MRF train., At 2V, however, there is only a mers
hint of spike suppression toward the end of the trace (and not much
enhancement either), yet a conditioning stimulus of that intensity
tended most markedly to prolong the LGB-evoked suppression of spike
discharge.

In sum, MRF apparently exerts both excitatory and inhibitory
influences on the spontansous {as vs. the evoked) cortical discharge =
a fact long reported in the literature. The exciteatory influence was
certainly the more conspicuous in our extracellular racords when MRF
alone was activated, With MRF=-LGB interactions, on the other hand,
the excitatory effects were domipant only at short interstimulus inter-
vals and high MRF intensities, The suppressive effects of the condi-
tioning-test stimulus interactions at the longer intervals and with
weaker conditioning trainas pose a dilamme which may not be explicable
without recourse to an overriding inhibitory effect generated by the

MRF at these perameters,




ADDITIONAL OBRSERVATIONS
MRF-LGB Interactions Influence of Test-Shock Intensity

The degree of either the prolongation or the abbreviation of
LGB-elicited suppression was chserved to vary markedly in relation to
the control level from cat to cat (e.g. 296 vs. 315 in Fig. 11) and
from unit to unit in the seme cat {(Unite 3 and 5§ in Cat 315, same Fig.).
Both lesvel of background illumination* and administration of Halothane
may have contributed somewhet to this veriebility. Still, the func=
tions drawn from Units 296/3 and 315/5 (in the same Fig.), where the
actual control values were 140 and 233 msec respectively, suggest that
the intensity of the test shock (the duration of suppression generated
by it) may have been a relevant factor (in addition to the intensity of
the MRF train which has just been shown to exert a substantial influence
on the LGB-evoked spike suppression).

A comparison of MRF-LGB interaction at two differsnt test=-shock
intensities was carried out in the same unit to determine whether the
relative degres of suppression was dependent upon the test-shock inten-
sity level, The two sets of curves for Unit 425/12 in Fig. 18 demon-
strate that the higher test-shock intensities resulted in a smaller
relative increment in suppression and a concomitantly greater decrement
in suppression than the lower test-shock intensities, end that this was
upheld for both the temporel and intensive MRF-LGB manipulations. This
was confirmed in Unit 423/4 for the temporal interaction.

These data suggest that there is a ceiling to the amount of suppres=-

sion that the MRF-LGB interaction will generate. Since the test stimulus

% Alterations in background luminance affected both the LGB-evoked sup-
prassion and the unit's maintained discharge in an opposite manner in dif-
farent units, Yet these differences were not reflected in the nature of
the influence of MRF conditioning.
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Fig. 18. The effects on LGCB-evoked suppression of varying the
"RF=-LGB delay (left=hand graphs) and the MRF intensity (right-
hand qraphs) at two values of the LGB test shocks a low LGB in-
tensity for this unit, at 7V, in the upper graphs and a high LG8
intensity, at 13V, in the lower graphs., The actual duration of
suppression produced by the LGB shock alons was 100 msec for the

7V shock and 218 msec for the 13V shock, as noted on the graphs,
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intensities employead throughout this study were relatively high (as
noted earlier), the observed prolongation of suppression =-relative to
control - induced by MRF conditioning must have been less marked then

it would have besen with less intense test shocks.

MRF-LGCB Interactions Dual LGB Shocks

In a few units, MRF conditioning was implemented with dual LGB
shocks, In earlier studies, the cortical excitability cycle for gross
svoked potentials was found to differ for single and dual LGB shocks
precedsd by MRF activation (e.g. Chalupa et al, 1973)., The influence
of MRF on the response to the second stimulus appeared to be indepen=-
dent from its effect on the first, 1In this study, an attempt was made
to evaluate the response of single units under similar circumstances,

Fig. 19 demonstrates that the only observable (and very minor)
difference in the alterations ceaused by MRF actjvation in ths duration
of suppression following single and double shocks to LGB lay in the
magnitude and not the nature of the effect. As with the single LGB
shock, suppression elicited by the second LGB stimulus wes reduced at

the shorter MRF=S, delays =and prolonged for the longer intervals - al=-

t
though both the reduction and prolongation of suppression meay have been
somewhat sttenuated with the interpolation of the additional LGB shock,
Another difference lay in the longer latency to suppression following
the second LGB shock.

A comparison of the length of suppression elicited by the first
and second LGB shocks following MRF activation reveals a biphasic ef-

fect - as was suggested by the esrlier date for MRF and single LGB shock,
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Fig. 19. A comparison, in two units, of the effects of MRF con-
ditioning on the spike suppression elicited by a single test shock
(solid line) with that elicited by the second of two LGB shocks
{(dashed line). The delay between the end of the MRF train and the
first LGB shock was held constant (at D msac for Unit 296/3 and
15 msec for 315/3),
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That is, when the two LGB shocks were separated from the MRF train by
a short and long delay respectively, suppression after the first shock
was abbreviated wheress suppression after the second was extended,
Thus it appears that when the two opposing influences of MRF and LGB
conditioning are pitted one against the other, the effectiveness of
MRF priming is the greater, even when the LGB stimulus is administered
in the same locus as the tést shock and is closer to it in time. The
MRF-St delay appears to have been the crucial parameter, The use of

dual shocks was discontinued after confirmation of the foraegoing (see

Table IX),

Recording from the Midbrain

When cortical recording was no longer feasible due to pulsation
or other interference, attempts were made to locate units responsive
to LGB stimuli subcortically, espscially in the region of the mesence-
phalon, A number of such units (7/11) responded with a period of sup=
pression to LGB shock, although the duration of suppression was gene-
rally briefer, even when the LGB shock intensity was jincreased (Tables

I and II).

When MRF conditioning was employed in conjunction with LGB shock¥,
5/7 units in the vicinity of the central grey, superior colliculus,
and posterior commissure, produced response sequances much like those
seen in cortex where an initiml diminution of syppression was followed
by its prolongation (Table IX). The cortical events were more clear=-

cut, however, and appeared to precede those in the midbrain, as suggested

* 1t was possible both to stimulate and record in the midbrain since
recording was alwayes carried out contralaterally to the stimulation sites,



either by a delayed onset of suppression or by the development of chanqges
in the cortical EEGC prior to altefutiuns in the mesencephalon, The na-
gative instances were unsystematic but tended to show e diminution of

suppression following MRF conditioning.

Histoloqy

The midbrain stimulating loci for 64% of the units monitored in
this study were examined microscopically and plotted on coronal sections
(R2,0 - A4,0) traced from the stereotaxic atlas of Jasper and A jmons=
Marsan (1954), Fig. 20 shows that the majority of our midbrain place-
ments ware located above the central tegmental tract, with some place-
ments likely in the nucleus cuneiformis (Taber, 1961) and others abut-
ting on the path of the medial longitudinal fasciculus adjacent to the
central grey. Photographs of representative electrode locations for
the MRF in two unjits are shown in Fig. 21, Discussion of the placement
in superior colliculus will be found in Appendix A,

The placement near the red nucleus (A3.0) generated different
offects from other stimulating loci. But that may also have been the
case because the LGB placement for that cat (335) was esteblished as
having been just below the LGB, in the nucleus reticularis of thea tha=-
lamus, All other histologically verified LGB placements (again, for
64% of the units) wers located madially in LGB, often on the border of,
and at times within, the optic tract (see Fig, 21). The medial LGB
projects, of course, to the lateral portion of Area 17 and the medial
portion of Area 18 = the vertical meridian being on the boundary bet=
ween Areas 17 and 18 - which was the general location of our recording

microelectrodes (see Fig, 2).
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Fig. 20, Sampling of mesencephalic stimulating leci plotted
on serial coronal sections from the stereotaxic atlas of Jasper
and R jmone~Marsan (1954), CS, superior colliculusj FLM, medial
longitudinal fasciculuss CGC, central grey matter; NR, red nu-

cleus; Ret Mes, mesencephalic reticular formation,
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Fig., 21, Representative stimulating loci in left LGB (upper
photographs) and contralateral MRF (lower photographs) for twe
cats (319 on the left and 333 on the right),
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DISCUSSION

The results of the present study demonstrate that MRF activa-
tion can either curtail or prolong the inhibitory portion of the ewvoked
response recorded from a single unit in the cat's visual cortex, The
literature has long reported either excitatory or inhibitory effacts
of the MRF on the corticel neuron's resting discharge. This observa=-
tion has stood in marked contrast to the reports on the MRF's influence
on evoked neuronal responses in visual cortex. With several notable
exceptions, the prin¢ipal finding for evoked cortical discharges has
been facilitatory, Furthermore, even when MRF activation was seen to
generate both excitation and inhibition, these were rarely observed
in the same cortical neuron. The distinctive effects were therefore
ascribed to the character of the monitored unit rather than to any sys-
tematic variation in ths MRF stimulation administered. This construc-
tion deprives the MRF of a causal role in the kinds of alterations
saen in corticel units following its activation. In the present study,
on the other hand, the results were clearly dependent upon the para-
meters of stimulation applied to the MRF, This fact implicates the
MRF much more significently in the nature of the cortical events fol=-
lowing its activation, It also allows the depiction of a relation
between events at the unit and more molar levels - a somewhat more
specific relation, as wa shall see, than the literature has heretofore
efforded.

We noted earlier that most unit studies have concentrated on
the MRF's influence on the initial excitatory portion of the unit's
response to input, the very portion of the cortical response that

is now known to be least susceptible to modification by 'non-specific’

N
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input, This last has been established for gross potentials (e.q.,
Creutzfeldt and Kuhnt, 1973; Fuster and Docter, 1962) and for micro-
potentials as well (Evarts, 1963). For extracellular analyses, the
later components of the evoked cortical response, those that have been
shown to be the most labila, the most amenable to manipulation, werse
simply thg discharges occurring at longer latency, often following a
period of suppression of spike discharges (Evarts, 1963; Narikeshvili
et al., 1965; Skrebjitsky, 1969),

The unitary response in visual cortex to either electrical or
adequate stimuli is by now known to comprise more than an initial ex-
citatory discharge (e.g., Creutzfeldt et al., 1969). In fact, an in-
hibitery component seems so inherant a part of the response to visual
input that it is often present even when an excitatory component is
not (Cresutzfeldt and Kuhnt, 1973; Kuhnt and Creutzfeldt, 1971; Watae
nabe et al,, 1966)., Consequently, the cortical response elicited by
a shock to the LGB proved to be an appropriate tool for evalusting the
effects of MRF activation on cortical inhibitions 1its most distinctive
property being a relatively long and varisble period of spike suppres-
sion, Such suppression of spike discharge has been correlated, on nu-
merous occesions, with membrane hyperpolarizetion (e.g., Li at al,, 19603 |
Tasaki et =l.,, 19543 Watanabe ot al,, 1966}, It is thus aptly viewed
as an inhibitory phenomenon and will be so designated heresfter.

The MRF's influence on ongoing inhibition in visual cortex has
rarely been mssassed perhaps because spontaneous IPSPs constituts only
a fraction of 5-15% of all corticel PSPs during resting activity (Creutz-

feldt et al., 1966), Since IPSPs are much more commonly elicited by

sensory input, MRF effecte on cortical inhibition are best svaluated
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- with svoked, rather than with spontaneous, inhibitory activity, In
tha present work, svaluation of evaoked inhjibition has shown it to be
remarkably sensitive to manipulations of the MRF in both the temporal
and intensive domains,

The interstimulus intervael (MRF-St delay) was the most thoroughly
explored variable in this study, and its effect the most robust; while
the effects of MRF intensity were probably the most labile and sensi-
tive to parametric shifts (at differant velues of the interstimulus in-
terval, for example). The short interstimulus intervals and high=-
intensity MRF trains contracted the inhibjitory period, while the longer
intervals and weaker MRF trains prolonged it. The relative degree of
reduction or prolongation of inhibition also depended upon the intensity
of the test shock, Prolongation of inhibition by the MRF was much more
pronounced with weak test shocks, while reduction of inhibition waes the
more marked influence st higher test-shock intensities, The use of
dual LGB shocks following the MRF train demonstrated that the effect of
MRF conditioning was truly biphasic, The responses to the two LGB shocks
were differentially affected as a function of each one's delay from the
end of the MRF traint the inhibitory period elicited by the first (end
short-interval) LGB shock was foreshortened, while that elicited by the
second (and longer-intervel) shock was lengthened, These findings
suggest, as have several other recent reports (e.q9., Henry and Bishop,
1971), that a variety of questions concerning inhibitory phenomana
can be answered by means of the extracellular technique - particularly
whan the intracellular method has proved as refractory as it apparently

has in the investigation of reticulocorticel interactions,
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The functional significance of evoked inhibition is generally
discussed in the context of receptive fields., But, as Henry and Bishop
{1971) have remarked:

¢« » o it is unfortunate that the idea of a straightforweard rela-

tionship between "on" discharqges and excitation on the one hand

and "off*" discharges and inhibition on the other ashould have be-
come so deeply embedded in the literature,

e« « o inhibition is not to be equated exclusively with "off"

areas, More frequently, we have found that i{nhibitory phenomena

exist as separate and distinct components in the receptive field
without any necessary relationship with either "on" or "off"

arass., (p. 4)

We shsll therefore cite several studies which have examined inhibition
straightforwardly either through intracellular recording or by moni-
toring spike suppression with the extracellular technique, Each of
these will demonstrate the considerable import of the inhibitory compo-
nent of the neuron's response, We shall then return to the receptive=-
field framework where the meaning of our findings must, however provi-
sionally, be located.

Evoked inhibition, monitored extracellularly, is sn ubiquitous
response, well documented in a variety of speciss, and recordsd through~
out cortex, subcortically, and more peripherally as well (e.g., Ger-
stein, 19693 Li, 1956; MclLennan, 19703 Polyanskii, 1967; Tesski et =l,,
1954; Toyama and Matsunami, 1968), In an intracellular study, Kuhnt
and Creutzfeldt {1971) showsd that increasing photic intensities aug-
mented the amplitude and duration of IPSPs in visual cortex while the
short initiel EPSP only rarely reached threshold., At the highest flash
intensities, the primary EPSP was in fact cut off, ostensibly by the
more ppwerful IPSP, and the initisl spike response wes completely sup-

prassad,
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Gerstein (1969) demonstrated that, of the three response compo=-
nents he had monitored (apperently identicel to those obsarved in the
present work), slterations in the inhibitory phase alone exhibited a
highly systematic reletion to variations in the adesquate stimulus, He
had recorded from units in the dorsal cochlear nucleus of the cat, fol=
lowing short tone bursts at a series of frequencies, Neither the ini-
tisl excitatory diascharge, nor- the later discharges, exhibited any
such relation. These observations suggsst thet, for some sensory chan-
nels and/or stimulus attributes, the inhibitory portion of the response
may be more informative than the prior and subsequent sxcitatory dis-
chargss,

The importance of neuronal afteractivity for sensory processing
has been emphasized by many (e.q., Jasper, 19663 Libet et al., 1967;
Wagman and Battersby, 1964). Afteractivity, as ordinarily conceived,
rafars to excitetory responses succeeding the first-observed time-locked
response to a stimulus, 1In this work, however, as in Gerstein's,atten-
tion is drewn to the inhibitory sequelae of input by virtue of the ob-
gserved dissociation of the inhibitory component from the excitatory
ectivity both preceding and following it, in its being, at times, the
response component uniquely related to variations in the stimulus,

Once it is.clear that the unit's ‘response' comprises a series of
evants - to wit, an infitiel excitatory discharge, consequent spike sup-
pression and later discharge (the ‘*afterdischarge') - then modification
of any portion of the series may prove to bs es revealing, if not moore
8o, a8 an account confined to the initial exciteatory discharge, It will
be recalled, for example, that when Halothane had been withdrawn prior
to the expsrimantal treatments, alterstions in the period of spike sup-
pression were clearly predictive of modifications in the later spike

discharges (specificslly, in the afterdischarge peak latency). This was
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not the case whan Halothane was maintained throughout the experimental

treatmants - a datum that warrants further study as it indicates that

the relations among the various components may be instructive,

While all inputs into cortex are thought to be excitatory, it has
been proposed that intracortical connections are largely inhibitory
(Hess et al.,, 1975). Some recent and highly provocative studies suggest
that intracorticel inhibition may pley a larger role in sensory coding
than the ancillary function that is often accorded it. Brooks and Jung's
(1973) point of view will serve to illustrate this lasts
It is questionable whether inhibition or suppression of acti-
vity + . . has much informetion value per se, although there are
several types of inhibition occurring subcortically which may func-
tion in accentuating excitation. {p.334)
Their view of the "sherpening" role of inhibition is the standard one,
But it neglects the role of inhibition in "shaping" or increasing the
selectivity of the neurcnal response to input (Benevento et al,, 1972),
When Pettigrew and Daniels (1973) edministered a GABA-inhibitor,
bicuculline, and sxamined the response properties of single neurons in
the cat's visual cortex, they found that the receptive~field properties
of complex and hypercomplex cells were dramaticelly altered, Removal of
GABA-mediated inhibition apparently transformed the more complex cells
in Hubel and Wiesel's (1965) hierarchy into units with properties not
dissimilar to those of an afferant fiber from the LGB, The parallel in«
put from LGB known to impinge on each category of cortical cedl, from
the simple to the hypercomplex (Stone, 1972), may thus provide an infra-
structure over which the higher orders of complexity are superimposed by
means of intracortical inhibitory mechanisms, If so, the responss spsci-

ficity characterizing corticel ‘feature detectors' would be determined,

in the main, by inhibition,
Only further study can estsblish the specific part played by cor=-
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tical inhibition in the neural coding of input. Nonetheless, since
Hartline 's demonstration of lateral inhibitory interactions in the eye
of Limulus, it has become habitual ta conceive of 1nhibitory function
in the visual syatem (and elsewherse) as subserving contrast and contour
enhancement (Ratliff, 1972). To facilitate the ensuing discussion of
our findings, we shall follow that precedent and regard the organization
of ths LGB=-svoked response sequence - excitation (?) followed by inhi-
bition and renewed excitation - ss a temporal expreassion or consequence
of the spatial properties of the system, Any modifications of the inhi-
bitory period will hence be interpreted as an effect primarily on inter-
neuronal or spatial contrast mechanisms.and, as such, on the response
specificity of corticel neurons, But mechanisms subserving spstial con-
trast affect succeeding eventa. And the very process, inhibition, which
helps circumascribe or define the event in space will define it in time
a8 well, Hence a brief consideration of the role of the inhibitory

period in intraneuronal or temporal contrast follows next.

LGB Conditioning

LGB conditioning was implémentad both to provide a basis of com=
parison (a 'control') for ths influence of MRF activation as well as
to assess the effect of prior inhibition on the neuron's responsiveness
to subsequant input, This last was to have confirmed the reality of
the putative contrast mechanism in the temporal domein. Unfortunately,
a8 has been noted earlier, the questionable nature of the initial spike
responses in this study has precluded such analysis, Where it is known,
howsver, that membrane hyperpolarization underlies the inhibitory pause,
as is the case for spike suppression generated by an LGB shock, it may
be confidently essumed that the unit's responsiveness will be attenu-

ated, Polyanskii (1967) showed this was so in neurons of the visusl cor=-
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tex whose excitability cycles he had studied in waking rabbits, Most
visual cortical neurons in rabbits respond to light flashes with a se-
queance of events identical to the response we have described: an sarly
discharge followed by inhibition and a fairly long afterdischerge,

When double fleshes were administered at increasing intervals, the res-
ponse to the test flash was inhibited for some 90 msec, followed by a
gradual period of recovery at intervals of 90-130 msec, After this pas-
riod of recovery, the number of spikes in the test response increased
above the control values, prior to 2 restoration of the original values
at 200-250 msec, The time course of these modifications indicataes that
the inhibitory period does in fact reduce the unit's responsiveness,
while the afterdischarge apperently facilitates it = evidence that a
mechantam for (neural) contrast enhancement is intrinsic in the corti-
cal response to input,

Our results suggest that the efficacy of this mechanism is en-
hanced both by LGB stimuli of increassing intensity as well as by condi-
tioning in LGB at the shorter intervals, The accuracy of this inter-
pretation is underscored by von Békésy's (1967) repeated demonstrations,
for several sensory modalities, that strong stimuli, or stimuli with ra-
pid onset or incressed frequency (i.e., short interstimulus intervals),
were required to produce lateral inhibition behaviourslly, Our results
with LGB conditioning are consistent with von Békésy's observationss
as interstimulus intervals were reduced, that is, as stimulus frequency

was effectively increesed, the consequent inhibition was lengthened.

Using direct cortical stimulation, Mctennan (1570) aelso reported

that longer periods of inhibition (far longer than those sean in the
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present work) followed treins of stimuli (at 10-100 Hz) rather than
single stimuli. Interestingly, Libet et al. (1967) pointed out that
the production of consciocus sensation was more readily accomplished
by repetitive electricel stimuli rather than by single shocks to the
VPL or dirsctly to cortex, even when the single shocks were of far
greater intensity, Furthermore, the stimulus treins had to be deli-
varad at relatively high frequencies (generally, at 60 pulses per sec
for .5 sec or longer) to ensure their effectiveness. It seems that the
very conditions which favour the production of increased inhibition,
whether physiologically or behaviourally ascertained, also favour the
conscious appreciation of stimuli.

High=frequency activation of the MRF has long been associated
with the production of behaviocural alertness, if not consciousnesst*,
A perallel may well exist betwesn the ifiterative stimulation needed for
the conscious detection of stimuli and the nature of the influence

exerted through high=frequency activation of the MRF,

MRF-LCB Interaction

The expectation was raised earlier that, because of the higher
thresholds and longer latencies associated with inhibitory processes
in cortex, a diffuse excitatory input such as that thought to arise
from the MRF would allow inhibitory mechanisme to become more manifest,
This is indeed the case:s the LGB=-evoked spike suppression was prolonged

after MRF conditioning, but only at low MRF intensities or relatively

* Although the MRF is no lnngéf considerad to be solely responsible for
the behavioural arousal continuum (Valenstein, 1969}, -it still is thought
to contribute to its expression in some undetermined way.
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long after it had been discontinued. Conversely, at high MRF intensi«

ties and short mHF-St delays, spike transmission was enhanced after the
test stimulus, These findings are not suggestive of a direct relation

between the intensity of MRF activation of corticel inhibitory neurons

and the effectivensss of their output.

The findings at the brief MRF«LGB intervals (or with the more in=-
tense MRF trains), where suppression was abbreviated, may be sufficiently
well explained by a superposition or algebraic summation of the responses
to the two inputs presented independently., But such summation of the two
responses at the longer MRF-LGB intervals (or with the weaker MRF trains)
cannot account for the observed prolongation of suppression seen after
the LGB shock: at those intervals, MRF activation alona still enhanced
the degree of the resting or maintained cortical discharge, Enhancement
(MRF=ganerated) plus suppraésion (LGB~generated) do not equal longer sup~
pression, Rather than a passive convergence of the specific and extra=
visual inputs at some point in the system, an interactive relation must
be responsible for the prolonged suppression at the longer MARF«LGB inter=
vals (and with the weaker MRF trains).

Several mechanisms may underlie this interactiont (1) an exhaustion
of synaptic transmitters due to prior facilitation; (2) defacilitation;
(3) postsynaptic inhibition following MRF activation, manifesting itself
most clearly in the extracellular record “hrough interaction with spe=
cific input, Intracellular recording might readily resolve tﬁe issue
but ,. ' to our knowledge, has not &s yet bee& vonducted in this area of inves-

tigation. Furthermore, as the plauaibility of each of these hypotheses
is svaluated in turn, it ought to become euident that the extracellulsr
record itself indicates that the iast of these is the least suspect,

The particular temporal pattern almost i{nvariably produced by the

MRF=-LGB interactions (without regard to corticel layer or type of unit
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sampled*), namely, the initial curtailing of suppression followed by its
extension, suggests a possible explanation., It implies that the high
degree of facilitation initially generated by MRF activation perhaps
exhausted the synaptic transmitters, or caused a form of presynaptic
inhibition, which expressed itself in the consequent lengthening of the
duration of spike suppression. Several findings militate against this
interpretation, The most pertinent is the observation that low-intensity
MRF activation, which most effectively prolonged the duration of evoked
inhibjition, hardly generated any facilitation of the maintained discharge
(Fig. 15). This condition (weak MRF activation) would ba less likely to
exhaust syneptic transmitters than would strong MRF activation, yet it
was the weak activation which had the more powerful inhibitory influsnce,
On one ocsasion, moreover, a single MRF conditioning shock was used
(again, a weeker stimulus than the longer train): the only observed
effect was a prolongation of suppression at all interstimulus intervals
tested (data in Table IX)., It is thus unlikely that prolengation of
spike suppression seen at the longer MRF-St delays was a direct conse-
quence of the prior facilitatory action, One must look toward other ex=

plapations,

When the LGB shock was presented alone, and its intensity was auge-
mented, increasing psriods of inhibition were ordinarily succeeded by
correspondingly higher degrees of afterdischarge, This relation between
inhibition and afterdischarge was sybverted by MRF conditioning (and
somatimes by LGB conditioning as well). With MRF conditioning, the
shorter suppression periods were followed by the higher rates of after-

discharge. Significantly, the longer suppression periods were rarely

* Since most of our units exhibited & distinct resting discharge, our
sample of units could not have included many ‘simple' cells (Henry end
Bishop, 1971).
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followed by a corresponding diminution of the degree of afterdischarge -

an observation which tends to undercut the defacilitation hypothesisi

for if defacilitation manifested itself in the prolongation of suppres-
sion, a corresponding attenuation of the immediately succeeding afterdis-
charge might have been anticipated, Ffurthermore, since MRF alone still
facilitated the neuron's discharge at these longer intervals, defacilita=-
tion would have had to be caused by an interactive relation between the
MRF and LGB inputs, The lack of symmetry in the relations between sup=
pression and afterdischarge further sttests to thas operation of different
mechanisms at the short and long interstimulus intervals. Moreover, the
high degree of variability seen at the 'transitional' interval (ca 50
msec) may signal the onset of the non-linearity suggested by the pro=-
longation of suppression. 1f the 'transitional' interval doss in fact
reflect the onset of an interactive reletion between the responses to

MRF and LGB inputs, then a thorough evaluation of MRF influences at the
longer intervals = a rarity in the majority of unit studies conducted

in the area - would appear indispensable for a determination of the
mechanisms involved,

If neither the 'synaptic exhaustion' nor the defacilitation hypo=-
thesis is persuasive, we are left with the possibility, for which there
appears to be no negative evidence, that some underlying inhibitory process
must have developed following MRF esctivation, to surface in the observed
prolangation of spike suppression at the longer intervals, but only when
inhibition had fPirst been triggered by specific input. In other words,
the MRF may exert an inhibitory effect on the cortical unit, an effect
possibly independent of the LGB-svoked inhibition (witness the suppression
of the cortical unit's mainteined discherge at relatively long delays)

but often made manifest, in the extracellular record, only in conjunction




with the LGB-evoked response.

Time seems to be essential for the elaboration of reticulocortical
influence, The long latencies reported in the literature and often ob=
served in this work as well (as long ms 50~100 mssc from the beginning of
the MRF train*) for the onset of retjcular effects in visual cortex have
not been sccounted for to date. Other than the time possibly required
for the manifestation of the physiologicel effects of iterative stimula-
tion, the long latencies suggest the existence of a rather indirect path-
way to cortex, There have been intimations of massive mesencephalic in-
put into cortex of extremely fine unmyelinated Fibers whose diameters
are so small as to be almost beyond the resolution of the light micro-
scope (e.q., Curtis, 1972, in Discussion, p.322). These would presumably
subserve very slow conduction, Howsver, many authors, including Szenta-
gothai (1973), have expressed reservations about the evidence for such
direct MRF input into the visual cortex,

While the evidence for direct MRF projections to the LGB is more
substantial (Bowshar, 1970), the same problem of time arises: the laten-
cy of the LGB response to MRF activation is of the same order of magni-
tude as the latency of the cortical response (see Tatton and Crapper,
1972). This fact does not rule out a mediation by LGB of the reticulo-
cortical effects, but it does decrease the likelihood that the LG8 is
the sole intermediary, Although numerous workers have investigated the
MRF's influence on LGB neurons, few have provided data that are fully
compatible with, or that would adequately account for, the observations

we have made at cortex. For example, both Satinsky (1968) and Tatton

* The reference is to the onset of the MRF's enhancement of the cortical
unit's resting discharge frequency, The longer latencies observed in
this study include the occasional suppressive effect seen prior to such
enhancement (see Results).
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and‘Crappar (1972) observed dusl effecps in LGB neurons fFollowing MRF
activation, Their observations, however, were largely derived from the
resting (rather than the evoked) activity of LGB units. Furthermors,
their dual effects were not confined to a particular sequence - some
units exhibited an initial suppression followed by facilitation, and
vice versa,

Singer and Drgger (1972) exeminad the effects of MRF activation
on intracellular responses in LGB to stimulation of the optic tract (OT).
When a stimulus to MRF was administered 60-200 msec prior to the DT shock,
the hyperpolarization following the LGB action potential was reduced in
amplitude and duration, No mention was made of any MRF effects on the
LGB response preceding the 60-msec interval. However, in discussing the
affects of MRF activation on tha resting activity of LGB neurons, Singer
and Drager mentioned that a slight firing rate decrease was occasionally
observed immediately (20-60 msec) after the MRF stimulus., These data
suggest a possible basis for our observations at cortex, in being uni-
directional (although opposite in sign): inhibition (?) preceded feci-
litation in their study.

The MRF's influence on the LGB is undoubtedly reflected at cortex.
But in order to strengthen the case for the LGB as sole intermediery
for the reticulocortical effects, a study (preferably intracellular)
would have to be conducted, using identical stimulus parameters or con=-
current recording for LGB end cortex, Furthermore, an interactive rela-~
tion between the MRF and visual inputs, such as that observed at the
longer interstimulus intervals for cortical units, would have to be
discerned at the level of the LGB. In sum, given the amount of diver=-
gent data, the intervention of edditional structures is more than likely

- a constderation insufficiently explored in the literature.




Cne such structure is the nucleus reticularis of the thalamus
(henceforth abbreviated NRT), The NRT is situated over the surface of
dorsal and metathalamus such that most theslemocorticel and corticotha-
lamic fibers must traverse its dendritic fields to reach their destina=-
tions (Scheibel and Scheibel, 1966, 1967a, 1967b). The Scheibels have
speculated that the NRT is strategicelly located to perform the gating
or filtering function considered necessary by them for mechenisms sube-
serving attention., Data have accumulated over the pest several years
tending to support their point of view (see Schlag and waszak, 1970,
1971; Waszak, 1974),

In its dorsel leaf, the MRF sends a major output to the NRT, its
influence being inhibitory (Yingling and Skinner, 1975; Skinner and Ying
ling, 1976). NRT neurons display a firing pattern which is the converse
of the pattern observed in the specific thalamic nuclei (Schlaq and Was-
zak, 1970). It has been postulated that the NRT output to thalamic
structures is inhibitory (sea Schlag and waszak, 1970). Hence activa=~
tion of the MRF would set up a complex series of events in NRT, LGB,
and, as a result, in visual cortex as well. To complicate matters fur-
ther, there remains the question of the MRF's ventral leaf (Scheibel
and Scheibel, 1967b) and its possible influence = albeit indirect - on
visual cortex, Saveral studies have shown a dissocietion between the
MAF *s effects on LGB and visual cortex, Among these, Tatton and Crapper
(1972) have reported that, although the MRF stimulus loci which produced
alterations at both LGB and cortex overlspped, the LGB loci were circum-
scribed within a more widespread region mediating cortical desynchroni=-
zationy "The locations at which the TG /tegmental-geniculats/ altera-
tions were obtained constitute a more localized region within the larger

mesencephalic area mediating /cortical/ ‘alerting’." (p. 383),
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Our records for MRF alone often exhibited a bimodal distribution
of spikes, Such a pattern may reflect either a series of complex inter=-
actions elaborated in time over & circuit such as that described above
for the NRT. Or it may reflect the modulation of cortical events by
several input pathways, with different numbers of interpolated synapses,

All of these possibilities await investigation.

Our electrodes were situated largely in the region of the nucleus
cuneiformis which extends rostro-caudally through the entire mesencepha-
lon just below the tectum (Teber, 1961), This region has been described
as relatively undifferentiated, with considerable dendritic ovsrlapping
and characteristic intermingling of dendrites and passing fibers (Ramon-
Moliner and Nauta, 1966), Thus stimulation in this region could hardly
avoid activation of both local neurons and passing fibers. Although
"“the reticular core has finally begqun to outlive its imege as a mindless
monolith" (Scheibel and Scheibel, 1977), Ramon-Moliner and Nauta (1966)
have designated it the *"isodendritic core of the brain stem,” its mor-
phological features regarded by them as "justifying a unitary concept
even in the absence of any physiological data'*(1966, p. 320) which arse,
of course, abundant,

“Isodendritic" neurons are characterized by multimodal inputs
(Ramon-Moliner and Nauta, 1966), The classical schema of collateral in-
puts into the MRF from primary sensory pathways, resulting in both 'spse-~
cific' and 'nonspecific' activation of cortex, has been guestionable for
some time. A number of investigators have been unsuccessful in their
search for collaterals from, for example, the optic pathways, Yet mul-
timodel sensory, as well as mntof. inputs are known to converge upon the

MRF (e.g., Amassian and Devito, 1954; Bell et al., 1964} Scheibel and

Scheibel, 1977). More recently, a schema of a different order has
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emerged, tc some extent as a result of investigations on the vertebrate
tectum (see Ingle and Sprague, 19753 Scheibel and Scheibel, 1977). Portions
of the MRF and the deeper leyers of the mammelian superior colliculus
may be viewed as a minibrain = with overlapping sensory and motor maps
furnished by centrifugal fibers specimlizad for stimulus localization:
a semi-final common path of sorts which quides the orienting-sscape
continuum of the mammal's behaviour (see Ingle and Sprague, 1975; Schei-
bel and Scheibel, 1977). Stimulation of colliculus and the MRF will
cause the animal to orient (Fuster and tiyeda, 19623 Ingle and Sprague,
1975), Schaefer (in Ingle and Sprague, 1975) demonstrated that stimula-
ting colliculus will ceuse the normal or descorticate cet to orient
toward the appropriate spatial locus at low stimulus intensities and
to escaps at the higher intensities, Thus, orienting and increased in-
hibition at cortex may well be correlated; and increased inhibition pre-
sumably sharpens and shapes sensory mechanisms at the cortical level.
Escape, on the other hand, would be associated with decreased inhibie
tion - with facilitation, in fact, at cortex, and cleerly with facilita-
tion of the motor output as well., Our study can be viewed as having
examined the activity of that portion of the cortico-mssencephalic-
cortical loop subserving the outcome of the mesencephalon's choice bet-
ween orienting and escapes that is, its choice between staying put, with
its attendant analysis of the environment, and action, at the expense of

analysis, The following discussion elaboratss this view,

As we have interpreted the cortical response to an LGB shock, the
period of spike suppression or inhibition mainly reflects the neuronal
interactions which lead to the establishment of contrast and response
specificity in the local neuronal pool. Whan MRF (or SC: see Appendix A)
activation reduced the inhibitory period, not only was ‘'contrast’ reduced

but, as a result, the configuraticn of the test response (the sequence
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of excitation, inhibition, and renewed excitation) often lost its dis-
tinctive character, This is evident in Figa. 14 and 22 where the spike
distribution at the shortest interstimulus interval resembles the histoe
gram generated by the conditioning stimulus per se much more than it does
the response distribution to thé test shock., As noted earlier, this
last could have resulted from a simple superposition of the two response
distributions., Conversely, the longer intervals and weaker MRF stimuli
tended to enhance the distinctiveness of the response to an LG8 shock,

The various components of the response became still more clearly demarcated,
either through lengthening of the inhibitory period or, occesionally,
through a marked skewness of the afterdischarge distribution (as in the
lower left histogram in fig, 14), When two levels of intensity were used
for the test shock, contrast was enhanced most dramatically for the weaker
test stimulus,

Without knowing which aspect of the unit'®s response 'encodes' the
stimulus, it would appear to be rash to assume that facilitation of spike
transmission by the MRF necessarily improves sensory processing, Several
authors, Evarts (1961) among them, have proposed that enhancement of in-
hibjtory activity may in fact improve the signale=to~noise ratioc in neural
processing. Significantly, the facilitation brought about by MRF activa-
tion has been seen to obscure otherwise clearcut responses to repetitive
photic flashes (Narikashvili et al., 1966).

The standard experiments cited as evidence for the MRF's positive
contribution to sensory processing are those of Lindsley (1958) and Fus-
ter {19583 Fuster and Uyeda, 1962)., Lindsley demonstrated an enhanced
test response when dua) photic flashes, separated by an interval of 50
msec, followed MRF activation. Fuster and Uyeda reported that MRF acti-

vation improved monkeys' performance on a tachistoscopic discrimination

task. However, Lindsley's results were obtained only after MRF activation
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had been discontinued and not during its implementation.
Fuster and Uyeda carefully pointed out that they had used an MRF train
at low intensity efter Fuster's (1958) report of impeired performance
at high MRF intensities., Thus the MRF parameters in both sets of expe~
riments were those that tended to lengthen eveked inhibition in our
study, It appears that there is no substantial evidence that a gene=
ralized facilitation of epike transmission in cortex, effected by the
MRF, is responsible either for the enhanced recovery cycle of gross po=-
tentials or for the improved behavioural performance of Fuster's monkeys,
There is some evidence, on the other hand, that the normal waking
state ~ to which the MRF {s thought to contribute - is associated with
a prolongation of evoked inhibition in cortex, This was shown by Evarts
(1961) for the cortical extracellular response evoked by & shock to the
optic radistions, The svoked inhibitory period was longer during weke-
fulness than during sleep, in the unrestrained cat, Evarts qualified
this observation by pointing out that the waking state he had studied
differad from the state of intense arousal which may follow strong elec-
trical stimulation of the reticular formation., Furthermors,

One factor which has an important bearing on patterns of
neuronal discharge during waking is the amount of sensory stimu-
lation which the cat is receiving, If ons records unit activity
from the visual cortex during sleep when the cet's eyes are
closed, and during arousal when the cat has suddenly opened its
eyes and looked about, one frequently finds that arousal is asso-
ciated with a burst of activity, On the other hand, when the
sensory input is restricted during both waking and sleep, a majo-
rity of units show decreased spontanesous sctivity upon arousal.

e ¢« o« In the waking conditions of tha present experiments, the
cats have been in the soundproof exparimental room a number of
times, have bsen familiarized with their envircnment, and appear
to be uninterested in their surroundings. (Everts, 1961, in Dis-
cussion on p, 184,)

In effect, depending upon whether the animal's waking state wes more or

less alert or aroused, oppusing results were observed for the resting
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cortical discharge, corresponding to our observations on the cortical
responge to input,

Bradley (1961, in Discussion on p, 183) noted that stimulation of
the reticular formation at threshold intensity produced wakefulness,
while supraliminal stimuli tended to induce a state of excitement or
escape reactions., Several investigators have shown the disruptive im=
pact of high=intensity MRF stimulation in both the behavioural (e.q.,
Sterman and Fairchild, 1967) and neuronal domains. Verzeano (1961, in
Discussion on p. 183), for example, found that increasing the intensity
of MRF trains (at 200-300 Hz) to 4 volts amplitude (precisely our para-
meters for the temporal condition) resulted in a disruption of the proe
pagation of unit activity. as monitored by multipls microslectrodes,
The same neuronal events were observed, morsover, when the animal was
excited, even when no artificisl stimulation had been administered,

The parallel suggested by the above findings betwsen ths physio-
logical events and the well-known behavioural expressions of the arou-
sal continuum needs little elaboration, Moderate levels of arousal
are characterized by optimal behavioural performance {for most tasks),
while the lowest and highest arousal levels are associated with beha=
vioural disruption, albeit for different rsasons at the low (sleep)
snd high ends of the continuum, It is tempting to view the MRF effects
on cortical units at the lower intensities and longer interstimulus in-
tervals in this study as resembling neuronal activity during moderate
arousaly and the MRF's effects at the higher intensities and shorter
intervals as ‘disruptive.® The temptation is magnified both by our
results showing an invaerse or ‘inverted-U' relation when MRF intensity

was varisd and by the prevalent interpretation of evoked inhibition
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as subserving a clearer raepresentation of input., The conditions giving
rise to enhanced neuronal contrast and response specificity would thus
be located at the lower to moderate regions of the arousal spectrum,
while those reducing contrest and selectivity would be found within the
range of high arousal (and sleep)s a relation that is readily tested
in the unrestrained or unanaesthetized animal,

If enhanced contrast and selectivity are baneficial far sensory
processing, can reduced contrast (the ‘disruption’ referred to above)
have its own utility? It is helpful to remember that intensification
of contrast in the nervous system is achiesved at a cost, and that is a
loss of information, of detail, and of sensitivity. Conversely, atte=
nuation of inhibition, reduction of contrast, is often associated with
a heightenad sensitivity (see, e.g., Brooks and Jung, 1973, p. 399).
Interestingly, Pettigrew and Daniels (1973) showsd that removal of
GABA-madiated inhibition resulted in a marksd increase in the complex
cell'’s resting and evoked activity = this; alongside its loss of seleg=-
tive responsivensss,

The hypothesis that the MRF increases discriminetive power through
lengthened inhibition on the one hand, and sensitivity through reduced
inhibition on the other, is testable in both the physiological and be-
havioural damains -~ although most convincingly, and with greatest dif-
ficulty, in the latter. The behavioural context for which a high arou-
sal accompanied by incrsesed sensitivity would be appropriate - even
at the expense of discriminative accuracy = is described by unfamilia-
rity and threat. The detailed registration of edges and contours is
less to the point, in such circumstances, than the detection and locali-

zation of sudden movements, especiamlly those in the periphery of vision.
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Enhancement of spike transmission by the MRF would facilitate just that
response component - the initial spike burst - which, according to ven
Bdkésy (1967), subserves stimulus localization,

The initial spike burst is also the mark of the excitatory recep-
tive-field center, Enlargement of that center through MRF activation
would signify an increased sensitivity (or impaired resolution); its
reduction would represent the converse, MRF activation has already been
shown to enlarge receptive fields in the LGB - under scotopic conditions,
and with fields largely beyond the area centralis (Meulders and God-
fraind, 1969). The existence of different cell groupings in the retina,
and their distinct central projections (Fukuda and Stone, 1974), raises
the question of differential MRF effects on these cells, The guestion
is of particular interest since the slow-conducting X-cells, concen-
trated in the area centralis, are thought to madiate high visual reso=
lution, while the fast-conducting Y-cells are probebly important for
peripheral vision, Area 18 receives input only from the Y-cells and
this fact may account for Oremand Feeney's (1971) report on a rostro-
caudal difference in MRF sffects on visual cortex (see Review of the
Literature),

Parameters other than alterations in receptive-field size might
also be used to {lluminate the question of MRF influence on sensitivity
as vs, resolutions decreased directional selectivity, for example,
would signify an increased sensitivity but an impaired discriminative
function for a particuler neuron (ses Robertson, 1965), Contrast thre-
sholds of grating patterns could be examined under different levsels of

arousal and the sharp tuning to spatial frequency characteristic of neu=-
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rons in the visual cortex (Campbell, 1974) could be evaluated for alte-
rations induced by MRF activation; both would provide an indication of
changas in inhibitory function with variations in aroussl or electrocor-
tical activation, But only a study in which both neuronal and behavioural
measures were undertaken concurrently could substantiats our central
thesis:s that significant chapacteristics of electrocortical activation
and apousal, particularly those associated with sensory discrimination,
depend for their optimal expression on an increment in inhibitory func-

tion in cortex,

If the degree of inhibitory participation in cortical activity
can be and is requlated in some generalized fashion by the MRF, the im-
plications of such regulation are necessarily broad. Our findings may,
for example, be relevant to such refractory clinical entities as epi-
lepsy and pain,

Some types of seizurss are thought to result from a failure of
inhibitory control (Kuhnt and Creutzfeldt, 1971), The incidence of
seizures is associated, moreover, with arousal in tending to occur more
frequently during sleep and under stress (i.e,, at both ends of the
arousal continuum), Attempts have been made to treat epileptic condi-
tions with eslectricel stimulation of diverse C.N.S. structures, with
varying degrees of success., Our findings indicate that, should MRF
stimuletion be underteken to enhance inhibitory activity, both its pa-
rameters and the nature of its relations with other stimuli cannot be
neglected. Frequency of visual stimulation is known to be an important
parameter for seizure induction, In this connection, we have seen that

MRF conditioning completely reversed the slope of the dual LGB function
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(Fig. 19), thus essentially reversing the effect of stimulus frequency

in the visual pathway, The force of MRF conditioning superseded the
influence of & conditioning stimulus in the sensory pathway., Hence the
regulation of contrest or inhibition for any given stimulus configuration
appears to be dominated by concurrent activity in extravisual structures
rather than by prior events in the geniculostriate system itself, This
must mean that neural mechanisms subserving temporal phenomena, such as
tha CFF, ought to be investigated in the awake, functioning organism,
Otherwise, spurious results are likely tu be obtained, depending upon

the degree of MRF involvement in the preparation studied,

The particular link between arousal and its requlation of inhibi-
tion here postulated may also be consonant with the production of anal-
gesia through stimulation of midbrain structures (Balagura and Ralph,
19733 Mayer ot al., 1971; Melzack, 1973; Reynolds, 1969). Although a
disquisition on this last is beyond our purview, it should be noted that
our results were obtained through stimulation of the reqion of the cent-
ral tegmental tract, adjacent to the central grey, the very region where
stimulation effected a marked analgesia in Reynolds' (1969) study., Fur-
thermore, to aschieve their analgesic effects, Balagura and Ralph (1973)

applied a low-intensity stimulus to the mesencephalon.

In conclusion, the orderliness of our findings suggests that, in
selecting evoked inhibitfion as our dependent variasble, we have located
the cortical mechanism most susceptible to MRF regulation, The MRF's
signal contribution to cortical function may reside in its regulation

of cortical inhibition.
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SC=LGB Interaction and Photic Test Stimulus

The electrode placement in superior colliculus (SC) = at A2,0
in Fig, 20 - was intended for it, in view of Tatton and Crapper’s
(1972) observation that the most dorsal midbrain point at which they
had obtained cortical alerting, with no concomitant alterations in LGB,
corresponded to the ventral portion of the deep layer of the superior
colliculus, The deep layers of SC are thought to be intimately related,
both functionally and morphologically, to the underlying MRF (Ingle and
Spraque, 1975).

Several studies have demonstrated the similarity of conditioning
in SC and MRF on the gross cortical response to visual input (e.qg.,
Brown and Marco, 19673 Chalupa et al,, 1973), In our study, although
the affect on the spike frequency distributions of the same cortical
unit was not identical after activation of these structures, a pronounced
degrae of enhancement was observed for both, Two curves for SC-LGB
interaction were plotted as in Fig, 22, They confirmed the similarity
of MRF and SC conditioning st the unit level, Furthermore, the histo=-
grams demonstrate that the inhiblitory effect (i.e,, the prolongation of
spike suppression) is as prominent, if not more so, with SC conditionings
the periods of suppression were markedly extended, at shorter intersti-
mulus intervals,

Two edditional units were monitored with SC conditioning and a
long photic flash as the test stimulus, Remarkably similar results were
obtained using photic stimulation, as is evident in Fig. 23t For the
test stimulus alone (upper left-hand histogram), there were very brief,

barsly discernible, periods of discharge suppression shortly after both




17

Fig. 22, Influence of conditioning in superior colliculus (SC)
on LGB-evoked spike suppression, The ipsilateral MRF had been
fulgurated at 0,5 mamp for 25 mec prior to 5C stimulation,
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Fig, 23. Influence of collicular (5C) conditioning on spike
suppression (and its latency) elicited by a photic stimulus,
The arrows beneath the oscilloscope tracings indjicate the end
of the SC train, while the on- and offasst of the photic sti=

mulus are depicted in the square waves on the tracings.
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1

the onset and cessation of fllumination (which lasted 450 msec).

These periods of suppression to light alone might not have been iden-
tified as such had the effect of SC conditioning, where the suppression
became prominent, not been exemined., Suppression tc the photic flash
occurred with a minimum latency of 30 msec. A reciprocal relation was
obtained between the duration of suppression and its onset latency
(sams Fig.). The afterdischarge was not really discernible after the

photic stimulus, nor was it made more manifest by the S5C conditioning.
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Cat/Unit

2711/1
271/2
274 /1
274/2
274/4
275/1
275/2
275/3
275/6
281/1
281/2
281/4
287/1
294/1
296/1
296/2
296/3
302a/1
302a/2
315/1
315/2
315/3
315/4
315/5
316/1
316/3
316/4
316/5
316/6
316/7

A=p/L*

A3/L3

A3/L3

A3/1L2.5
A3/12.5
A2/12,5
R4/L2,5
Ra/L2,5
A4/L2,5
A4/L2.5
A4/L3

A4/L3

A4/L3

A3/12,5
A3/L2.5
A3/L2

A3/L2

A3/L2

A3/L2,5
A3/L2,5
A1/L2,5
A2/12,5
A2/12.5
A2/L2.5
A2/L2,5
R4,5/12
A4, 5/L2
R4,5/L2
A4,.5/12
A4,5/1.2
A2/1L2,5

Depth

17.0d*
17.2d
1.3d
2,2d
4,0d
2,0d
2,2d
1.2d
17.0d
3.1d
5,3d
2,8d
13,0d
2,4d
1.6d
1.6d
2,7d
3.0d
5.7d
15,7p
1.5p
0.65p
0.63p
J3.25p
12.7p
1.59%
1.56p
1.50p
1.9p

* See legend following Tabls,

TABLE 1
LGB ALONE
Probable 4
Locus Halothane

m* 0.5
0.5

c 0.5
c 0.5
WM 0.5
0.5

0,5

0.5

0.5

WM 0.8
wm 0.8
wm 0.8
M 0.75
c 0.5
c 0.33
c 0.33
c 0,33
wm —_—
wm 0.8
m 0.8
c 0.8
c 0.8
c 0.8
c 1.0
m 1.0
c 1.0
C 1.0
C 1.0
c 1.0
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Suppression
Duration (meac

60

50

185

162

100

25

47

60

100

155
183

55
140
175
212

80

90
155
160
233
175
105

90
215
185



Cat/Unit

316/8
3156/9
316/10
316/12
316/13
319/1
319/2
319/3
319/4
320/1
320/2
320/3
320/4
328/1
328/2
328/3
328/4
328/5
328/6
328/7
328/8
328/9
331/1
331/2
331/3
333/1a
333/1b
333/1¢
.533/1d
333/1e
333/2
333/3
335/1
335/2

A=B/L
A2/L2.5
A2/L2.5
A2/L2,5
A2/1L2.5
AZ2,5/LS
R4,5/12,5
R4,.5/L2.5
R4.5/L2.5
R4.5/12.5
A4.5/L2
R4,5/1L2
A4,5/L2
R4.5/1L2
A3,.5/L2,5
A3.5/1.2.5
A3.5/L2.5
A3.5/L2.5
A3,5/L2,5
A3.5/L2.5
R2.5/L2.5
A2.5/L2,5
R2,5/L2.5
A2/L3
A2/L3
A2/11,5
R4/L2

A4/L2
A4/L2
A1/L3,.5
A1/L3.5

Depth _Locus Halothane Duratjon (msec)

Prubable %
9.0p e 1.0
9.1p wm 1.
15.0p m 1.0
4.7p Wm-C? 0
0,75p c 0
3.3p WM=C? 0
3.5p Wm-C? 0
3.6p wm=C? 0
3.7p wm-C? 0
2.2p c 0
2,7p c o
14,.8p m 0
15.6p m 0
2.2p wm 0.4
4,0p wm 0.4
15.3p M 0.4
16.2p 0.4
1.45p 0.4
1.36p 0.4
3.75p WM 0.4
J3.62p wm 0.4
3,53p wm 0.4
5.31d wm 0
1.,35d 0
5,59d 0
1.59 0
" " "
" " 1.0

" " "

" " 0
1.47p ( 0
1.43p c 0
1.31d c o
3.3d wm a

Suppression

220
200
168
218
300
160

113
210

70

20
150
172
115
180
175
154
157
178
128
150
115

124




Halothane Duration (maec!

Probable %
Cat/Unit A-P/L Depth _Locus
335/3 A1/L3.5 3.5d wm 0
335/4 A1/L3.5 4,9d Wm 0
335/5 At/L3.5 2,64d WM 0
335/6 A1/L3.5 2.64d wm 0
335/7 A1/13.5 2.58d wm 0
335/8 A1/L2.5 1.53d c 0
335/9 At/L1.5 0,46d (o 0
335/10 A1/L1.5 2.27d c 0
335/13 R4/L2,5 1.77d C 0
423/1 A3/L1.5 3.55d C 0.7
423/3 A3/L1.5 3.1d c 0.7
423/4b A3/L1.5 2,9d C 0.7
425/1 A2.5/L1 1.68d c 1.0
425/2 A2.5/L1 1.81d C 1.0
425/4 A2,5/L1 1,25d c 1.0
425/6 R2,5/L1 2.94d c 0.5
425/7 A3.5/L2 2.62d c 0.5
425/8 A3,.5/L2 1.72d c 0.5
425/9 A1.5/L2 1.33d c 0.5
425/10 A1.5/L2 1,72d c 0.5
425/11 At,5/L2 2.07d c 0.5
425/12b  A1,5/L2 2.87d c 0.5
425/13 A1,5/L2 1.83d c 0.5
PHOTIC STIMULUS ALONE

287/2 A3/L2,5 13,.0d m 0,75
292/3 R4/L1.5 2,0d c o
292/4 AR4/L1.5 1.7d c o
290/3 A2,5/L2  12.0p m 0.5
Legends

A=P/Ly A=P, snterior-posterior planes

Depth readingss
Probable locus:

C, cortexs

ds below dura materj
M, midbraing

Suppression

230
118
0
0
150

155

206
188
233
145
103
100
260

190

95
250
145
100
182

50
103
70
200

L, laterality

ps pia mater

WM, white matter below or
ad jacent to cortex
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TABLE 11

Suppression Duration gmsacz as a Function of LGB Intensity

Voltane »
Cat/Unit 1,5 2 3 4 5 6 7 8 9 10 11 12 13 14 15
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 60 100
425/7 0 25 45
425/8 130 190 240 205
425/12 o 200 190 255 220
425/13 120 182 135 270
2711/1 0 60 65 -Mmidbrain unit
425/1 -pegative instance 30 78 0 145 100

(unorthodox gross response as well)

* Values of stimulus intensity presented in quasi-random fashion except in Units 333/1e and

425/4 where they were administered in renk order,
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Cat/Unit

274/1
274/2
275/2
281/4
296/3
315/3
315/5
316/6
333/1d
333/1d-T»
333/1e-T

*T =2 Multiple conditioning shocks
(train)

Ror S

A D W DD D™ WL

= I 77 B« S ¢

TABLE III

LGB CONDITIONING

Suppression Duration in Percent of Control (LGB alone)

(H:]
alane

(msec)

185
162

47
100
140
155
233
185
157
157
178

”~

-

-

S
s.D.

0-10

136
148

284
142,0

Interstimulus Interval (msec)

20-40  50-75 100-125 1S0-175 200-250 300 400
41 57
80 43 65 83 68
96 43 0
110 60 25 25
111 76 81 89
135 81 39
109 107 67 59
103 41
121 102 67 83
127 102 67 70 a8
112 70 59 42 59
818 708 553 365 468
116.9  BB,5 61.4 52,1 58.5
9.9 22,1 12,5 19.0 29.6

Lzl



TABLE 1V
MRF CONDITIONING: Positive Instances

Suppression Duration in Percent of Control (LGB alons)

LGB Interstimulus Interval (msec)*
alone
Cat/Unit {msec) 0-10  20-40 50-75 100-125 150175 200-250 300
281/4 100 0 110 115 130
296/3 140 18 114 161 164 150 154 143
315/3 155 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 15 0 39 139 161 120
333/1a 180 31 67 92 113 86
333/1b 175 10 80 89 103 114 114
333/1¢c 154 97 101 130 146 136

* (Order of presentation was quasi-random,
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Cat/Unit

333/2
333/3
423/1
423/3
423/4
425/12a
425/12b

281/2
320/1
328/1
328/6

Interstimulus Interval (msec)

20-40 50-75 100-125 150-175 200-250 00

LGB

alone

!msec! 0-10

128 35

150

206

188

233 43

218 at3y o

100 @ 7V 0
S 309
X 20.6
SD. 21.3

141 141
87 117
95 87 117 107
157 141 120
105 116 106 103
0 108 | 128 117
0 150 175 225
996 1653 1463 2483 1868
58,6  110.2  121.9 130,7 124,5
35.4 53.5 28.6 24,8 33.0

Additionsl positive instances with control (LGB alone) at 0 msec*;

0O o o 9o

40 75
0 170
a 183 160
0 0 210

* Percent of control unobtainable, therefore suppression values given in msec.
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302¢/1
302a/2
315/1b

333/1e
423/4
335/2
335/5
335/8

* Where control velue at 0 msec, suppression

LGB

alone

175
212
80

178
125

51

57
ao
44

208

98

75

97
97
131

98
176

220

TABLE V

MRF CONDITIONINGS

107
136
125

55

Dubious Instances

113

87

Suppression Duration in Percent of Control (LGB alons)*

Interstimulus Interval (msec)

Cat/unit (msec) 0-10 20-40 50-75 100-125 150-175 200-250

Comments

greater than 100 msec train to MRF and
longer intervals not sampled

ambient illumination differed for control
and experimental conditions

reversal of effect at longest interval

" ” " " " LLJ
” LL ” ” ” "

" ” ” " "” L1}

Histological verificetion disclosed that
the electrode tip (used for the test
shock) was actually located in the reticu-
lar nucleus of the thalamus for the last
three units, 335/2, 335/5, and 335/8,

values given in msec as well (since percentages uncbtainable),

ot



Cat/Unit

319/1
328/7
328/8
315/1a

275/2
328/9
425/2

* Where

TABLE VI
MRF CONDITIONING:s Negative Instances

Suppression Duration in Percent of Control (LGB mlone)*

"

LCB Interstimulus Interval (msec)
alone
(msec) 0-10 20-40 50-75 100-125 150-175 200-250 300 Comments
168 103 101 104 95 104 -~ MRF ineffective:t control level throughout
0o 0 0 0 - M " " "
0 0 0 0 - L1 " L] LL]
83 %6 24 S0 88 - " " with one excapgion
45 11 " 33 - decremssed suppression throughout
20 0 0 U 0 - " " ”
103 0 0 - " " "

control value at 0 msec, suppression values given in msec (since percentages unobtainabls),

el



TABLE VII

"RF CONDITIONING: EFFECTS OF HALOTHANE

With Halothanes Suppraession Duration in Percent of Control (LGB alone)
LGB Interstimulus Interval (msec)
elone %
Cat/Unit (msec) 0-10  20-40 50-75 100-125 150-175 200-250 300 Halothane
296/3 140 18 114 161 164 150 154 143 c.33
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¢ 154 97 101 130 146 136 1.0
423/1 206 0 95 87 117 107 0.7
423/3 188 0 157 141 120 0.7
423/4 233 43 105 116 106 103 0.7
425/12a. 218 @ 13y 0 0 108 128 117 0.5
425/12 b 100@ 7V 0 o 150 175 225 \ 8.5
% 118 580 1091 678 1158 1339
X 14,5 64,4 121.2  135.6 128,7 133.9
5). 16.8 41,0 56,1 32,3 28.3 34,5

el



No Halothanes

Cat/Unit

320/2
331/1
331/2
331/3
333/1a
333/1b
333/2
333/3

LGe

alone

!lTISBC!

113
150
172
115
180
175
128
150

Interstimulus Interval"msac!

0-10-- 20-40  50-75
53 53 119

0 32
58 0

0 39

3 67
0 80 89
a5 141

87
X 119 416 349
X 19.8 59.4 87.3
$). 2.0 18,8 53,6

100-125

146
100
90
139
92
103

670
111.7
22,2

150-175

177
137
116
161
113
114
141
117

1076
134,5
22,6

200-250 300

128

81
120
86
114

529
105.8
18.8

gl



TABLE VIII
MRF INTENSITY

Suppression Duration in Percent of Control (LGB alons)

aligge MRE_Intensity (in volts)*
Cat/Unit (msec) 1.5 2,0 3.0 4,0 5,0 6,0
331/1 150 0 32 0
331/2 172 116 110 93 58 44 61
333/2 128 137 141 B6
423/1 203 128 118 74 128
423/3 188 141 157 162
423/4 233 107 127 116 116 105
425/12 100 @ 7V 125 195 150 55
425/12 o 218 M3y & 78 108 57

*administered in quasi-random order except for Unit 331/2

I”

MRF =S¢
Intarval
msac

40
45
50
55
65
55
50
S0

vEL



Cat/Unit

331/1
331/2
333/2
423/1
423/3
423/4b
425/12b
425/12a

LGB
alone

230
310

250
313
285
250
346

Afterdischarqge Peak Latency (APL) in msec.

MRF Intensity {in vults)

TABLE VIII a

MRF INTENSITY

1.5 2.0 3.0 4,0 5.0 6.0 8.0
195 175 130 120

335 340 345 300 235 225

300 295 325 325

325 355 360

280 375 305 310 360

350 295 340 340

475 400 450 375 310

E Halo,

0,7
0.7
0.7
0.5
0.5

=3 &



TABLE IX
ADDITIONAL OBSERVATIDNS

MRF_CONDITIONING: DUAL LGB SHOCKS

Suppression Duration in Percent of Control (LGB alone)

LGB
_alone St Delay (msec)
Cat/unit (msac) 0-10 20-40  50-75 100-125 150-175 200-250
296/3 140 64 64 121 127 124~ Long latency to suppression
315/3 155 48 & O 116 1067
316/6 185 68 116

For all 3 units, suppression after the first LGB shock was reduced,

SINGLE MRF CONDITIONING SHOCK ¢ SINGLE LGB TEST SHOCK

423/1 206 112 (replicated) 124 126

10-MmIN MRF CONDITIONING AT 3 Hz

423/3 188 125
1253 recorded 3 min, later without MRF conditioning
1 283 ” " [1] " " [ 1] or
1 04 ' " " " ” " 11 "

9¢1



TABLE 1

Suppression Duration in Pe

SC CONDITIONING:

X (Continued)
rcent of Control (LGB alone)

LGB TEST SHOCK

LGB
alone Sy Delay (msec)
Cat/Unit (msec) 0-10 20-40 50-75 100-125 150-175 200~-250 300
294/1 155 148 194
425/13 182 1] 140 162 44 192
SC CONDITIONINGs PHOTIC TEST STIMULUS
292/3 103 -onset 53 1024194 146 170
" 125 -offset 60 32 100 a8 136
292/4 70 -onset 193
MAF _CONDITIONING: MIDBRAIN RECORDING*
275/6 No response O+ Oe
287/1 7 0 63 0
315/2 90 43 70
316/3 105 20 O+ 0 120 -« long-latency supp.
316/10 0 O« 175
320/4 0 10 35 35 13
328/3 0 210 - drastic supp. of activity
in general

* Suppression duration in msec.

LEL



Cat/Unit

333/1e
423/4
425/12

333/1d
333/1d-T
333/1e-T

320/2
331/1
331/2
333/1a
333/1¢c
423/3
423/4b
425/12e
425/12b

LGB
alone

237
237
220

245
230
310
298
238
313
276
346
250

SAMPLES OF AFTERDISCHA

TABLE X

RGE PEAK LATENCY MEASURES FOR SEVERAL CONDITIONS
IN MSEC

LGB INTENSITY (in volts)

Halo. 1,5 2.0 3.0 4,0 5.0 6.0 7.0 8.0 9.0
0 140 200 250 265 280
0,7 170 225 275 280 290 270
0.5 0{140) 250 325 285
LGB CONDITIONING: S, Delay (in msec)
0=10 20-40 50-75 100-125 150=175 200-250 300
1.0 240 240 195 250
1.0 250 210 200 170 210
0 250 220 190 150 175
MRF CONDITIONING
0 175 135 225 2715 260 340
0 160 175 275 205
0 270 260 260 300 345
0 140 170 250 270 255
1,0 275 260 225 235 240
0.7 0 355 325 310
0.7 325 325 305 278 255
0.5 50 310 450 420 335
0.5 40 1] 340 370 360

10,0 11,0 12,0 13.0

346

BEL
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