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THE FFFECTS OF APPLIED POLARIZATION
ON EVOKED ELECTRU~CCRTICAL WAVES IN THE CAT

INTRODUICTION

Alpha waves, cortical epindles, the repetitive
efteredischarps, recrulting, aend sugmenting weves are eyeclic
potential chenpges which have in common a frequency of
fwwl2/s6¢, and & prominent negativity when recorded atAthe
cortical swriace, HNumerous studies have been performed on
these p@témhi&l shenomena but in meny cases the emphasis
has becn on the rhythmlc characteristics rather than the
mechaniasm of production of the weves themselves,

The slpha rhythm, prominent in the electro-
encephalogran (PEG) of a normal reolaxed subject, was first
deseribed in 1929 (1), It is "blocked" by various types
of sensory stimulation, Individual alphs waves are roughly
sinusoldal, with a wave length of approximately 100 mseo,
They ave widely distributed over the cerebral cortex and
one portion may produce alphe waves which sre out of phease
with adJecent areas of the gortex. The basic mﬁchénisms
underlying the production ol the cortical waves themselves
sre unknown, nor ls the basie of the rhythn understood. It
is llkely thal the great interest in other cyclic potentisls
regoxrded from the cerebral cortex is due primarily to s
deglire to wxierstand the mechanisms underlying bhe produc-

tionn of the slphe phenomenon.
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Most investipgators assume the cortical spindle

to be & form of activity similar to the elphe wave of the
normal subjsct (2,3,L) slthough this is not definitely
Imown, Spindle weves are characteristic of the FEG during
barbiturete ansestheelia, in the isolated brain (£), end
in animéla with lesions of the brain stem reticularvfnyma-
tien (6), These potential changes occur in bursts, They
are initially small, with = prngfeaaive incresse then
decrease In magnitude from beginning to end of the trsin,
Activity bebween bursts 1s of higﬁ frequency end low smpli-
tnde and at least superficielly sppears similar %o thak
seen in the EEG during blocking of the elphes raythm by
sonzory stimuletion, Meny individual epindle wnves have
an initinl poeitivity preceding the characteristis lﬁfgﬁ
negative deflection (7)., The bursts srs scettered widsly
over the cortical surface and various sreas of the sortex
spindle out of phase with one ancther. Ag isg the sange with
the alpha wave, varisbility in the individual wave forme
makes their study somewhat d1fficult and most of the inves-
tigations of the spindling vhenomenon have been involved
with a study of the rhythn.

| Cyelic waves which follow a primary responge have
been described by mwmerocus investigators =nd are usually
known as repetitive after~discharge (8,9,10,11). The oxe
perimental conditions favoring the production of this

response are not well knewn, and the waves are not found
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in all preparations la which the primsry response is seen,
Moeb authers do net deseribe Individual waves in the after-
disscharge, but their records reveal predominately negative
potentials which progressively decrement for le-2 gegonds
after the stimulus. They pre 1imitod to the cortiesl
erojection erea of the particuler sensory relay system
atimuleted,

Reerulting snd augmenting responses ars thale
emiaelly sveired potentlels cnd are convenient for expere
mental study of bteth cortical rhythm and of individusl
wave characteristlce because of thelr consigtency from
wave tc weve, traln te train, and animsl to animal, It
le porsible that Information regsrdlag uechanlsus of prow
dustioe of these potentiel flustuatione will eventually
lead to sn understending of the uature of spontanscus
alagbro-aortizel waves,

Resruliment was first described by Jempssy and
Morison (12,13,1L), During the syetematic exploration of
the thalamue of the 2t with stlmulating electroedes,
eleatrical stimull applied to an ares 4in the medial
thelamua were found to eveke eorticel responses which
efter the second or third stimulve et the oritiasst wel2/se0,
frequency would inorement with successive shoocks up to a
moaximun, VWhen the stimlug %rein wss contlinued for geveral
seconds, the responses would decline for seversl seconds

only fo inerement agein, a phenomenon labeled "waxing and



waning”, ¥ach recruitment wave followed the thalamic
stimulus afber 20~«L0 masc., and lasted 30--50 mseq,
Gah@r&lly the wave was monophasic and surface negative,
ogecasionally diphasiec with 2 late positive deflectlion,
Thess waves were dlstributed over the entire exposable
cortical surface bult were especizlly proainent in the
aorﬁiaai asgociation areas, g. proreus, the mlddie supra-
syivian g. end the posterior suprasylvisa g. In searching
for a possible gnatomical suveatyrate Iur this paenomsnon
the sugscstlion was made that cthe vesponses were due to
actlvity evoked at the cortex from stimuiation of none
speciiflc alfferent ribres which made diffuse sortical
-connections, Hon-specliflls afferent {ibres were [ivst
described by Loreate de No (15), BSubsequent studies of thwe
reerulting phenomenon have led to the concept of a medially
incated thalamic projection system which is gulte separate
from the wellelmown sensory and elsborative projection
systems, Thias enstomic gystem 1g known cormonly as the
diffuse projection system and incorporates the intra~
laminar and midline thalamic nuclel, The anatomical ssso-
cliation between the diffuse projection system and non-
specific cortical afferents remains to be conclusively
esatablished,

Augméntation was the term given tuv corticel
responaes evoked by repetitive stimulstion of the ventroe

lateral thalamus, internal capsule end medial lemniscus
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(10,16}, The response to the first stimaiug in the train
was the clamsical dlphasic primary response, Subsequent
regponses incremented bto a maximam alber the third oy
fowrth sbimulus, The primery response lasted aboul 1B
mgec, snd was unchanged throughout the vepetltive train,
The true asugmenting wave was & second diphasic derllection
whose initial positive deflection feli at the peak 2f the
prisary response negativity, corresponding to & litency of
5«10 mace, The augmenting negativiity lagted 30-«50 wmgse,
Avgmentling responses and the primuary respongse wers dige
tingulshavle because Lhalunlie placements sould to found
where one or the other could be produced individuslly with
thresnold stimull, bocause the primary respuase sould
follow freyuencles up to 50/sec, whils augmenbation was
limited to freguencics below 15-20/sec,, and becsuse tie
primery response was independont of the repetlitive albepe-
dlgcharge whllie augmentation was blocked by a simultaneous
repetitive afterw-discharge, Augmentabion in this case was
iimited to thse sonsorle~motor cortex in sn area which was
slightly larger than Sheo area giving rise to a primary
response evoked from the same thalamic placement,

Recruiding, and to & lesser extent sugmentation,
nave been atudied in numerous subseguent investigations,
The original iavestigators felt that recruiting and spindles
were closely related phenomena and reprasensed astivity in

the same neuronal system (12,13,1l), This compardison has



been wmphasized in numerous subsequent investigations
{(#,17,18,19,L}, Recently, however, it has been shown theat
awrmenbing and epindling waves have similer elfeets on the
responsiveness of pyramidal tract neurones, while recrulting
responses dic not alter the responsiveness of the efierent
gystem (7). Since both augmenting snd recruiting responses
heve certain characteristics in’ common with spindiing, it
would suggest that a divect comparison of recrulting and
sugmenting responses should be wdertaken,

A review of the liverature in reference to re-
crudting and eugmenting indicates thet direot comparisons
6l the charecteristics of these responses have not been
- frequently made, Most of their similarities and dissimiler-
ities can only be inferred by a comparison with a thira
phencmencn such as cortical spindle waves or repetitive
atter-discherge., Because of the dearth of direct comparae
tive studies, the effects of electrical polarizastion of
the cortex from whicn these paten%ials are recorded waos
undertaiken with the hope that soume information regsarding
tne cortical substrate of both phenomena would be forthe
aémlng. Some reasons for the selectlion of polarization aa
an enmpirical conditioning procedure will be discussed in
& later section,

A summary outline of the observations which
emphasize either directly or indirectly the dissimilarities

and simiiarities of these two phenomena has been prepared



in the hope that it will make clesar the need for more direct

study of these evoked electro«cortical waves,

A, OUbservations which emphasize the digaimilaritiss of

3

recruiting and augrenting.

1. Interactlons with spontaneous spindles.

Numerous deductions heve been made in ragard to

the independence of cortical waves on the basis of failure

to demonstrate occlusion, Iﬁ is assumed that g population
of neurones which is capable of responding to one of several
routes of presynaptic activation with the production of a
potential wave can not simulteneously respond maximally to
activation by more thanbone pathway at a time. The pwtential
waves produced by the two different presynaptic routes are

said to undergo occlusion when they can not be simultaneously

evoked, On the cther hand if two sepsrate populations of
neurones sre involved and are simultaneously activated, the
potential waves representing the activity of both these two
populations will be recognizable,

- Stimull applied to nuelel of the diffuse projecw
tion system at a frequency less than the prevailing frequency
of the cortical spindle bursts were ineffective in eliciting
recrulting responses and the stimulus artifacts fell randomly
among the spontsneous waves., When the frequency of stimilaw
tion was greater than the prevalling burst frequency, simule

taneous reoruiting and spindle waves resulted in the scomplete



occlusion of one or the other, When either wave jﬁét Pro«
ceded the other, the second was partially or completely
occluded (16),

Augmenting waves on the other hand were identifie
able regardless of the presence or absence of a spgmtan@aus
spindle wave, indlecating a lack of occlusien (10). 1In the
examples presented in this study however, the augmenting
waves consisted entirely of surface positive deflections,
leaving open the question of a possible occlusion between
augmenting negativity and the spontaneous spindle waves,

2, Interaction with repetitive afterudischarge.

Reeruiting responses wers identified during repetie~
tive after-discharge and no evidence of 6eclusiam could hé
demonstrated between these two eyelic phenomena (10).

Aupmenting responses and the repetitive after-
discharge evoked in the sensori-motor area of the cat, hows
ever, did show evidence of mutuel occlusion, Only primary
responges could be identified during a repetitive aftere
discharge while primary responses evoked during the augéentu
ing response were not followed by repetitive afteredischarge,

3. Effects of single stimuli applied ko the

thalemic arees giving rise to recrulting and augmmenting

reseans@ﬁa
Single shocks applied to the medial thalamic areas

in barbitelized preparations, the isolated brain, or snimals
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wlth lesions of the brain stem reticular formation gave rise
to widespread cortical bursts which were indistinguishable
from spontaneous gpindle bursts (13, 20, 3, i), This phe-
nomenon has been labeled spindle tripping (21).

Single shocks applied to the ventro~lateral thala-
mus‘prcdused repetitive after~discharga, which like augmenta-
tion was limiﬁed to the sensori-motor cortex (10, 11).

The repetitive after-discharge and the spontaneous
splndle burat represent different end independent forms of
activity in the eyes of some investigators because no occlue
sion took place during studies of interaction of these two
phenomena (11, 12, 2). Hepetitive after-discharge was
detected in n, wventralils gasterelateralis while the medial
thalamic nuclei were silent snd the converse was true of
spoﬁtaneous burst activity (10), High frequency stimulation
of medial thalamic nucleil was found to abolish spontaneous
spindle burat activity leaving s simultaneously evoked
repetitive after-discharge unaffected (10), but this was not
confirmed when the repetitive sft@rudischarge was evoked
alone, l.e. high frequency stimulation of intralaminar nuclei
abolighed the repetitive efter-discharge in the sensori-
motor cortex (3), Nevertheless the preponderance of evidence
suggests that repetitive after~discharge and spontansous
burst are representative of different thalamo~cortical meche

anisms, and the similarities between vecrulting and spindlés
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and augmenting and repetitive after-discharge regpectively
in these earller papers offer some indirect evidence for the
independence of the augmenting and recrulting phenomena,

4o Surface distribution of potentials.

Since Lempsey and Morison deséribsﬁ recrulting
potentlials over the entire axpaaabla cortex, two opinions
have arisen regarding this point. The disagreement is mani-
fest as a difference in cortical distribution but is more
intimately related to two different views on the nature of
the thalamic response to recruiting stimull,

Mageun and his co-workers (21, 23, 2li) found that
.recrulting responses were 1imited.ta the assoclation areas
of frontal, cingulate, orbital, and pbsteriev suprasylvian
cortex with complete 3parimg of the primary sensory receive
ing areas, In the thalamus reeruiting regponses wore
recorded in sll thalamic nuclei of the diffuse projection
system plus the assoclation nuclel n, lateralis posterior,
pulvinar, and n, dorsalls medialis, with sparing of the
primery relay nuclei. The latency of r&sponses‘recordaﬁ at
the cortex was the same regardless of which portion of the
diffuse projfection system was stimulated although the anter-
lor portion of the medial thalamus was found to be the most
responsive and excitable portion of the system., It was pro=-
posed that the nuclei of the diffuse projection system

responded as a unit to stimulation of any nucleusg within it%,
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Fibres medlating thle response left the thalamus principally
by way of the respective thalamlic association nuclei with
the result that only the corresponding cortical projection
of these nuclel responded with recruitiﬁg responses,

On the other hand, Jasper and associates (20, 22,
25, 3) have observed that recruiting responses may be demone
strated in all sreas of the exposable cortex when the level
of barbiturate asnaesthesisa is deep enough in confirmation
of the original cbservations, TFurthermore, recruiting
responses have been recorded in verious associsztion areas
of the cortex after destruction of the corresponding thalamic
assoclation nuclei., A number of lines of evidence point to
a crude topographical organization of the midline and intrae
laminar nuclei of the thalamus, suggesting that the nass
response of the diffuse projection system found by Magoun
et al (21, 23, 2li) might have been due to the use of stimulus
electrodes which were too large end stimulus intensities
which were too high. Tripped epindles appear esrlier in‘tha
anterior portions of the carebrum with stimulation of the
anterior and medial portions of the diffuse projection gyse-
tem, while dorso-lateral portions of the system gave rise to
tripped spindles which arose fivst in the parieto=occipital
cortex, When stimulating electrodes with tip sepsrations
of 150 microng were used, locallzed recrulting responses

could be evoked which corresponded to the cortical topography
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mentioned above. Local abolition of cortical spindles could
be prodﬁcaﬁ with high frequency stimulation of various por-
tions of the diffuse projection system, The concept of @
topographical organization of the medial thalsmus was further
sugzgested by the demenstratiah of 0C shifts after high fre-
quency stimulation of the mideline nuclel which correlated
closely with the distribution of Pecruiting'regp@nseﬁ and
were limited to the frontal areas of the gortex (26).

Thus the preponderance of evidence favors the view
that the recruiting response cen be recorded from all por=
tlons of the cerebral cortex and that activity ascends over
pathways that are independent of the asaoaiation nusléi of
-the thalamus, With proper conditions a topographical organie-
zatlon of the thalemus can be demonstrated,

Augmenting responses have been recorded from
repetitive stimulation of the sensory relay nuclei of th@
ventro-lateral thealamus and from n., ventralis lateralis, and
the srea from which an augmem%ing response could be recorded
was greater than that giving rise to primery responses from
a glven thalamic electrode placement (10, 7), It wes, how=
ever, etill limited to the primary corticel projection, in
this case, the sensorie-motor ares, Augmenting responses
have been recorded also from the ectosylvian pyrus during
repetitive stimuletion of the medial geniculate nucleus (25)

and from the parietal cortex &uring stimulation of n,
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lateralis posterior {l;).

Therefore, recruiting and augmenting responses
differ in their cortical distribution, but the distribu-
tlons do overlap in certain regions, i,e, the frontal and

parietal areas of the cortex,

5. Depth distribubion of recruiting and sugment=

ing potentisls.

Recruiting potentials have been recorded at varie
ous depths of the cerebral cortex by Li et al (19) and the
responses have differed in the depths depending on the
cortical recording site. The potential which is most chare
acteristic of the surface raspénse, the negaﬁiva wave, Qas

reversed to become & deep ﬁositive deflection over a depth
of cortex which varied 0,}i~=1.5 mm. in their series, Spon-
taneous spindles behaved similarly end in many cases the
depth of reversal was identical for both waves in a glven
lpreparatimn, A more careful study (27) has shown that the
surface negative wave is converted to &-deep positive wave
in a slightly different menner than that previously
deserlbed, In experiments in which recruiting responses
were uncontaminated by stimulation of gpecific projection
fibres, the conversion of the recording from a surface
negativity to a deep poslitivity was limited to the SUPSr-
ficial layers of the cortex, Evidence was found also for

the presence of two patterns of depth potential distribution



M

during spontaneous spindle waves and one of these patterns
resembled that seen during recruiting responses,

Augmenting responses differed rether markedly
from recruiting responses in regard to the depth distribue
tion of potential changes, The surface positive component
of these waves was attributed to actlvity beginning deep
in the region of the terminations of specific thalamoe
cortlical afferents, while the surface negative component
was escribed to the appesrance of this activity at the
cortical surface after upward movement through the cortex.
In this same study a second variety of spindle wave was
shown to have a depth distribution of potentlial change
with this same pattern (27), The asugmenting responses
differed little from descriptions of the depth distribue
tlon of potentlals during a primary response (28, 29),
except, of course, far‘tha difference in the temporal relaw
tions of the two waves,

6. Effect of removal of cortical grey matter,

- After complete excision of the sengorlemotor

cortex, the recruiting response was found to be present
in the subadjacent white matter, although it was converted
to a monophasic positive wave (30), This alteration was
not confirmed by another investigator who found the
recruliting responses completely unaltered by removal of
the cortex (2%),

Augmenting responses evoked by stimulation of the
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medial geniculate body were completely abolished from the
ectosylvian gyrus (25),

7. Summary.

The evidence for the independence of recruiting
and augmenting 1s based on several early investigations
which relled greatly on studies of interastion with aﬁhar
cyelic cortical potentisl waves, Recruiting and spontane-
ous spindles were relegated to a common mechanism, while
augmenting and the repetitive afterw-discharge were eguated,
The independence of repetitive after-discharge and apon=-
taneous spindles on the basis of failure to show mutual
ccelusion suggests that recrulting and augmenting theﬂ~
selves represent independent forms of neuronal activity.
The depth distributions of potential during reerulting and
augmenting responses were definitely different from one
another, However, two patterns of distribution were seen
during spontaneous spindle waves, one regembling recrulte
ing, and the other resembling augmenting, This would
sucpgest that certein qualifications must be made when it
is stated that spindle waves are similar to recruiting
responses., Lastly, removal of the cortical mantle destroys
the augmenting responses recorded at the surface, while
evidence of recrulting responses have been seen even after

its removal,

B, Observations which sugpest that recrulting and
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augmentation are similaer,

5 Si@ilavitiaa in wave form,

Ag mentioned previously, both waves have in com=
mon a large cortical negative wave which incresses in
magniﬁuﬁe'tvla maximum after several stimuli. This charace
teristlic has been used as the basis for the inference that
both responses are manifestations of actlvity in the aame
neuronal structure (L), Augmentation is alwaye associsted
with an initial positive deflection. On cecasion a very
small initiel positive wave may precede the recruiting
response. FElther wave may or may not be follpwe@ by a late
positive deflection,

2. Effects of high freguency stimulation of the

raticuler activating system of the brain steu,

Reticular stimulation abolished the major pors
tion of the reorulting responses at the cortex in the
1solated brain (17) and in the olfactory bulb (31), Simie
lar stimuletion did;gﬁt influence the primary response in
&Ny way but abolished or prevented the development of the
incremental negative wave of the augnenting responsge (32),

. Ffreatg‘gg hiegh frequency stimulatimg of
thelasmic recrulting znd aupmenting sites,

A DC shift could be recorded in the sensorkmotor
cortex after high frequency stimulation of elther the mlde

line thalamic nuclei or the ventro-lsteral thelamus, The
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distribution of the steady potential was correlated die
rectly with the distribution of the respective recruiting

or augmenting responses evoked in the same area (26),

he Activity d down the pyramidsl tract,

Spontancous spindle waves were associabed with

#

& relayed volley (33) which could be recorded with a gross
electrode in the pyramldal tract of the medulla and was
correlated with the initial portion of the spindle wave
recorded at the cortical surface (7)., A aimilar pyramidel
wave wag seen during augmentating waves and was correlated
with the initiael surface positive portion of the surface
response. It 1s guestionable whether a gross relayed
pyramiﬁal volley 1s‘present during the recrulting response
‘avokeﬁ from stimulation of the midline thalamie nuclei,
Very small deflections were occasionally seen to be tempo~
rally related to the recrulting responses, but controls
suggested that these potentlals may have arisen outside

of the pyramidal tract (7). In recruiting responses elice
ited from the intralaminar nuclei, a gross relayed volley wes
demonstrated in most of the records published by Arduini
and Whitlock (18), However the recruiting waves evoked in
these experiments had a prominent initisl positive deflecw
tion and the possibility that there was simultaneous
stimulation of the adjacent n, ventralis lateralls can not

be eliminated, It is also possible that fibres of passage



18

from speelfic thalamic nuclei are stimulated simulteneously
when recruitment is evoked from the intralaminar nucleli,
since specific fibres pass through the lsteral and anterlor
portions of the diffuse projection system (3)).

Activity in single pyramidel tract [ibres was
correlated with pyramidal and cortical spindle waves (35)
and &13ﬁ-with thalamically evoked recrulting responses
(18), but the same objection may be raised here about the
possibility of some sort of mixed augmenting and recrulting
response with stimulation of the intralaminar nuclei,
Actlvity in single units has not been examined durlng auge-
menting responses, but in view of the large pyramidal
volley 1t 1s reasonsble to expect that a paﬁtérn of singlé

nit responses will be found that is similar to spontaneous
spindle waves,

5. Interaction of recruiting and augmentation
petentials,

When an augmenting response was timed to fali
durlng various phases of a recruiting rasponsé, gar%ial
ccclusion of the negative components was demonaﬁrat@d.
Depression of the negative component of one response was
particularly merked when elicited ﬁuring the late positive
deflection of the preceding response. Pyramidal relayed
volleys during augmenting waves were enhanced when the auge

menting wave was evoked during a recrulting wave, while
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depression of the relayed volley occurred during the late
positivity of the recrulting response (36),

6, Summary.

Suggestions that reeruiting and augmenting
responses may represent similar mechanlsms are afforded
by the observations of similarities in wave form and by
the fact that both phenomena arve abolished by stimulation
of the reticular formation of the brain gtem, A DC shirft
ie recorded in freontal cortex high frequency of elther
midline or specific thalamlc nuclel, The evidence for the
relay of activity down the pyramidal tract during augmente
ing and spindling is convineing, but studies which demone
strated a similer relay of sctivity during recruiting
responses are open tb some criticism, Finally, direct
interaction of recruiting and augmenting reveals mutual

occlusion of the negative components of each response,

c, Mechanism of production of recruiting and sugnmenting
responses,

In view of the extensive literature on recruit-
ing and asugmenting, a brief review of the hypotheses denle
ing with the mechanism of productlon of these responacs
might be helpful.

The original investigators (12, 13, 1) feilt
that these responses represented activity in neuronal

systems which were independent at both thalamus and cortex,
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They suggest that the reeruiting response is mediated by
non-specific thalemo=~cortical afferents which originate

in the midiine and intralaminar nuelei. The augmenting
regponse is dependent upon spvecific thalamo~cortical afferw
ents but Iinvolves a thelamic pool of interneurones whiech
through reverberating cireults at the thalamic level
seeount for the phenomenon of augmentetion.

Brookhart and Zenchetti (7) supgest that the
recruiting and sugmenting reaponses wmsy have in common a
cortical pyramidal eell, their differences ssoribshle to
a different level of termination of thalamo-cortical fibres
on the cortical neurcns, Cortleipetal fibres involved in
the rearuiting response may berminate cﬁ apical dendrites
while fibres mediating spindling end augmentation may terw
minate either directly or vis an intercurrent Golgi IX
cell on the basal dendrites and cell body of the same
neurone,

Bishop and Clare (37) have studied the primary
response at the cortissl level and feel thet a large part
of the response is due to a conduction of s wave of depow-
larizetion up the apicel dendrites resulting in a surface
positive~negative deflection. The wave begina at the level
of termination of specific thalamo=cortical afferents in
layer IV, Recently the view has been teken that other

cortical responscs, inciuding eugmenting and recrulting,
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which are characterirzed by A prominent surface negative
wave represent responses of the apical dendrites of cortical
pyramidal cells (l)., This constitutes an expansion of the
idea that augmenting and recruiting are differant enly 1in
the nature of the termination of the corticipetel fibres

involved in the particular response,

2e Statement of the problem.
It is obvious that studies directly comparing
the augmenting end recruiting responses sre few indeed,
and in view of the hypotheses suppesting a common cortical
structure might be involved in both responses, an sxperi-
mental procedure which would be expected to infiuence
these responses at the cortical level was required.
Electrical polarization of the cortex seemed an
appropriate choice as a conditioning procedure for the
comparison of these evoked potentials for three reasons,
The ease with which the polarization could be localized to
the cortical areas from which the responses were recorded
was the first major factor in this selection, Secondly,
certain investigations reported in the literature indicated
thet steady potentials ccecurred spontaneously in central
nervous system structures (38, 39, 40), Lastly, studies
of nervous smctivity in the presence of applied polarizing
currents have demonstrated that various potential phenomena

could be influenced by this procedure, The action
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potential of periphersl nerve was increassed in amplitude
under'the’anade and decreased or blocked under the cathodes
when steady currents were permitted to flow through the
nerve {ij1), A propeftienal relation wes found between the
membrene potential and the post~synaptic potential recorded
with intracellular electrodes in a ventral homn cell when
~the membrane potential was altered by direct polarizing
currents flowing acroms the cell membrane (2), Large
diphasic ceffeine waves in the 1solaoted frog cortex showed
characteristic alterstions in the presence of polarizing
currents, Surface positive polarization resulted in a
decrease or abolition of the initial positive component
and enhancement of the necative deflaction, while currents
fléwinq in'the opposite dlrection resulted in exactly the
reverse effect (38), Polarization of the cortex giving
riaevta primary responses produced somewhat gimilar find-
inga. When the surface was positive, the negative compo-
nents were greatly enhanced and the initial positive
deflection wgsvdiminish@d of abclished, Surface negative
polarizing ourrents greatly sugmented the initisl positive
deflection and decreased ér abolished the surface negative
component (13},

In view of these conslderations, it seemed Justie
fieble to predict that polarization of the cortex during

the production of recruiting and augmenting responses would
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glve rige to certain alteratlions in the evoked potentials,
It may be assumed that i1f these responses are due to
aotivity in the same or similasr cortical structures, they
woulid very likely respond t¢ conditioning by polarising
currents in a similar manner. On the other hand, 4if the
production of the resruiting end augmenting responses
depended on the activity of different cartical structures,
1t could be aenticzipated that the responses would differ

in thelr response to conditioning by polarizing ourrents,



METHOLS

Twenty=-one cats free of gross neurologlcel dis~
ease and each welghing at least 2.5 kg, were used in the
various phases of this study., The snimals were given 0,6
mg., atropine sulfate intraperitoneally about twenty minutes
before the experiment began, FEther ansesthesis was induced
by mask and meintained by open drip on a gauze pad over
the end of a tracheal cannula, A polyethylene catheter
was placed in the femoral vein for the injection of drugs,
The head of the cat was then fixed in a sultable stereo-
taxic instrument and the cranium éxpnaed. The frontal sinus
was opened and the thin sheet of bone forming its posterior
wall was carefully removed until the cortex around the
cruﬂiata sulous was brought into view, The anterior and
posterior sigmoid gyri‘were inelnded-in this exposure, the
two together constituting what is generally known as the
sensori-motor cortex in the cat, Sﬁitably placed trephine
openings were made over the apex of the skull for the
admlssion of diencephslic stimulating electrodes, 0,5 ce,
1% procaine HCl was infiltrated around the Gesserian gane
glion on each side and the skin edges of the scalp incision
were injected with an additional 0,5 ce., This local ansese
thesla was repested at periodie intervals throughout the

experiment.
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At this point in the procedure, ether was dis-

P

eontinued and 1 mg., decamethonium bromide was edministered,
Artifieial respiration was maintalned with a positive
pressuie respiratory pump. Additional doses of the immoe
bilizing agent were given throughout the day as needed,
Subsequent steps in the preparation for the experiment
required approximately'ane hour so that the effects of
ether anaestheslia were dissipated before any regar&ing was
done, ,

Wherever possible the animal was protected from
excessive cooling by liberal use of an electric pad and by
maintaining the room temperature between 80 and 99 degrees
F. The cortex itself was protected by a film of warm
mineral oil at all times except‘during periods of actual
recording, Additionsl protactioﬁ was afforded by the pfac—
tice of recording transdurally whenever pessible, In spite
of these measures, a deterloration of the preparation was
often found after several hours, marked by an Increase in
the stimulus intensities required to evaké alebtr0~aoftieal
waves and a change in the contour of the.waves recorded at
the cortical surface, |

Steel concentric electrodes were used for stimue
lation of the thelamus, The electrodes were insulated
except at the tip, and the‘two poles were separated by a
distance of less than 1 mm, The electrode was located in
the appropriste thalamle srea with the aidvof the stereo-

. L )
taxic instrument and finsl gelection of a placéf&as hared
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on observation of the evoled cortlcal response, The
possibility of eliciting mixed reoruiting and augmenting
regponses during stimulation of intralaminar portions of
the diffuse projection system has been mentioned previously,
Reorulting responses were evoked from the midline thelamie
nuclei execlusively, since anatomical studlies reveal that
thay‘progﬁst spegifically only ﬁc.pcrﬁions of the rhinence-
phalon and 1limbic lobe (3L}, Thus specific fibres projeste
ing to frontal cortex are not apt to be stimulated in the
midline nuclei 2nd the more msdial placement makes excltae-
tion of the specific thalemie nuclel by electrical apread
of stimalating current less likely. Augmenting responses
were elicited frem the vegtreulﬁtaral thalamic nuclei, n.
ventralls lateralis, n. ventralis poaterbiateralis or n,
venbralis pcateéamedialiﬁ.

Thelenle stimull consisted of square waves
produced by electronic atimulators snd led to the thalenic
stimulating electrode throuch an isclation transformer,

The pulse duration; pulse amplitude and the pulse repeti=-
tion rate could be independently controlled, In all
exzperiments, atimulesting pulses of less than 1 mseec, and

of submaximal Intensity were uesed, and the most effective
repetition rate almost without exception was 6~-8/sec,
Stimulsting current intensity was measured by recording
the IR drop across s 100 ohm resistor pleced in one of the
output leads of the isolation transformer snd the valus

computed from OChm's Lew,
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Electrodes for recording over unexposed cortex
conslsted of steel phonograph needles imbedded firmly in
bone of the skull, HNon~polarizasble Ap=-ApCl wire electrodes
were utilized for recording directly from the dura of the
sensorl-notor cortex, Indifferent and ground lezds werve
placed in.the flesh of the esar or scalp.

Two recording éystema ware nsed. For placement
of the thalamlc electrode an eight channel electrceneepha-
lograph was utillized, EEG recor&ing made possible an
esfimation of the general corticel distribution of avckéd
respoﬁses and also facilitatsd observations on the contour

f the individual wave forms until the best thalamie
stimulating site was located,

For permanent reecrdings snd a more accurate
representation of electrowcortical waves, the petentialé
were led to a capacity coupled emplifier and displayed on
two cathode ray oscilloscopes, The responses were recorded
photographlically from one oscilloscope while the other was
uged as a visual monitor, In certain cases, a second
re¢ording channel was used for control purposes, - Generally
the second channel recorded activity from an eieetra&e
placed in the pyramidal tract or from the cortex contra-
lsteral o the area being sub jeeted to conditioning by
polarizing currents,

In several early experiments, it was considered
necessary to balance the steady potential difference which
was produced between the input leads to the pre-amplifier

during the flow of polarizing current. This compensation
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was furnlished by a cathode follower which had a battery

and potentiometer attached for adjusting the steady
potential difference between 1lts output leads. The cathode
follower itself was placed in the recording circult only
because of the attached compenssating cirouit. It wes soon
found that slterations in the wave forms produced by
polarization were the same without this voltage compensa-
tion and it waes not used for the remainder of the experi-
ments,

Polerizing currents were applied to the prepara-
tion through non~polarizable Ag-ApCl electrodes ilmmersed
in a barrel of glass tubing containing saline, A final
contact was made by galine moaked wool wicks, Frequent
aspiration of the excess saline solution from the recording
area was necessary, The surfsce polarizing wick was
placed carefully arouwnd the corticel recording elsctrode,
and its location was oriticel, Direct currents did not
alter the evcked responses when the wick weas placed mvar'
arens of the cortex away from the recording electrode,

The indifferent polarizing elestrode wick wes generally
plased against the hard palate élthaugh its location was
not eritlicel and alteratlions in evolked responses could be
Just as effectively produced when the wick was in the
cervical incision or in the veeipital region.

Polarizing currents were supplied from a battery
driven eircult conteining a potentiometer for varying the

current intensity end a milliammeter for monitoring purposes,
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Currents up to 3,0 mA were avalleble, but in practice the
gurrent intensity seldom exceeded 1.5 mA, The direction

of flow of current was described eccording to the polarity
of the different polarizing electrode and hereafter is
ebbrevioted SP (surface positive polarization) end SN
{surface negative polarizetion)., Hvoked potentials record=
ed with the polarizing wicks in place and direct current
flowing are termed "conditioned” responses, while responses
recorded in exactly the seme way without palariaaﬁium are
known as "unconditioned" responses,

Film records of the data were analyzed after
suitable development and enlargement, The experiment was
not designed for a proper statistlcel analysis bubt sertain
small sample statistical determinations were possible,
Meagurements of the latency and amplitude of all the une
conditioned responses f{rom a given cortical recording
electrode plecement were messured and the standsrd devige
tion estimated from the range using a factor based on the
- number of semples (lly), The mide~range constituted an
assumed mean., Conditioned sumples were compered with this
statistic., Since the condltloned samples can be considered
to have a mean and standard deviation at each level of
polarizing current, and since only one sampls of a condie
tioned response was obtained at each level ziving us no
indication of the variation, a single conditioned response
whosge maaaufad parameter falls outside the estimated 8.0,

of the uncondlitioned responses could not be considered
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significant, An alteration was consldered significant

when the messured parsmeter of the conditioned response
felibaonsisténtly 2 8,b, or méra from the miderange of
the wnconditlioned parameter and was altered in the sane
direction in all the expariments in proportion to the
intensity ¢f the peolarizing cuvrrent,

4% thz terminetion of the experiment, the brain
of the snimel wos perfused with 10% formalin end left
overnicht with the stimulatineg electrodes in situ, After
sulitable fixation, histolosical confirmation ef the
placement of the thalamle alectrode was mede from the

carbol-thionin sections.
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RESULTS

1. Heeruiting,
Repetitive electrical stimuli epplied to the

midline thalemic nuclel produced recruiting responses
which were recorded from the anterior sigmoid gyrus, The
reaponse to the first shoeck was small or absent, but with
recurrent stimuli a negative deflection was produced which
appeared 15«25 msec, after each stimulus ertifset. This
response Incremented with successive stimull at the criti-
cal 8==12/sec, frequency end frequently reached emplitudes
of 750 mierovolts after 2~-5 stimuli., The surface negative
wave, which in some experiments was all that wss seen in
response to midline thalamic stimulstion, is degipgnated

RN (recrulting negativity) in this report, On coesgion

an initial positive deflection was seen after a latency

of 10=-=15 mgec; This compbﬁent wlll be desipgnated RP
(recruiting positivity). It seldom sxceedsd £9 microvolts
in amplitué@ in a good preparation., Ancther varisble come
ponent of individusl reeruiting regponses wes a late poaie
tive deflectlion following RN snd continuous with it. It
genaraliﬁ was varisble in amplitude and duration but fell
within the range of 20--60 msec, and 20+=199 aiovovelts

respectively, This component is designated ELP {resruiting
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late positivity) for purposes of description., An example

of a traln of these responses is 1llustrated in Figure I-A,

2. Aupmentation,

Augmenting responses were evoked by repetitive
stimulation of the specifie sensory nuclel of the thalamus,
n. ventralis posteromedialis and n, ventralls posterom
lateralils or the motor relay nucleus n, ventralis lateralis,
The response to the first thalamic stimulue was the well
known primary response, On oceasion this primary response
wag followed by a small 15--20 msec, negative wave which
was considered to be part of the augmeﬁiing pherniomenon,
Repetitive stimull continued to evoke primsry responses
which were regornlized as small notches superimposed on the
lareger incremental augmenting responses, In sone experie
ments the primery resporise was diminished with repetitive
gtimulation, while in others it appeared to remain sbout
the asame thruughaut the train. Beginning with the second
shook, an incremental positive and negative component were
added to the potential complex, The positive wave, herew
after designated AP (augmenting positivity), peaked at the
apex of the negative component of the primary response,
lasted 10=«20 msec,, and increased in amplitude up to several
hundred microvolts., The succeesding negeative component of
the augmenting response, AN (augmenting negativity), gen-
erally lasted 30=-50 msec.,, and 1t slse incremented to an

amplitude of gseveral hundred nmicrovelts, AP and AN were



FIGURE 1

A, Configuration of typie
cel unconditioned recrult=-
Ing responses. The trace
ings were made from ogclle
logreph records of the
first six responses in a
train, derived from a monoe
pelar electrode on the
anterior sigmoid gyrus.
There was no response to
the first and second thalame
1e stimuli and the incre=
mentation of recrulting
negativity (RN) began after
the third shock, Initial
positivity (RP) and late
pesitivity (BLP) were incon-
stantly present even in the
same train, In this and
Tolleowing figures upward
deflections represent nega-
tivity of the different
electrode with respect to
the roference electrode,
(3 - 27, 0,8 msec,, sub=
maximal stinull to n.
centrallis medialis)

B, Configuration of typical
unconditioned sugmenting
responses, Tracings of the
Pirst six responses in s
train were recorded with a
monopolar lead from the
anterior sigmeid gyrus.
Regponse 1 is a primary
response, Note the develop=
ment of the ineremental

‘initlel positive component

(AP} and negative couponent
(AN} from response 2 « 5,

The initiel positive compo=-
nent of the primery

respongse ls diminished with
subsequent shocks, The late
positivity (ALP) is prominent
in this train, (7 « 17 = A,
8/sec,, 0,1 msec,, submaximal
stimulus intensity to n,
ventralls lateralis)
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the lnvariable components of the augmenting response,
They‘frequantly reached their maximum after the second or
third thalamic shock, but the tendency was for AP to
become maximal earlier in the train than AN, A third come
ponent which was seen in some experiments was a late
positive deflection following AN, abbreviated for descrip=-
tive purposes ALP (augmenting late positivity), This
responsc, when present, generally lasted 20--60 msec, and
rarely exceeded 150 microvolts,

A train of unconditioned augmenting responses is

i1lustrated in Figure I-B,

B. Responsiveness of reerulting an&-augmanting re&?ans&s
to paiazizing currents,

It hes been stated previously that the sonditione
ing cuvrent lntensity wss not considered s valid eriterion
of comparison between individual experiments, Neverthelass,
viewed in totb the exporiments revoaled that a dsfinitas
difference in the susceptibility to alteration by polariza-
tion existed between these two cortical waves, This sascép~
t1b1lity to alteration by conditioning direct curprsnts was
termed responsiveness, Tsble I 18 a tabulation of the
pelariging current Intensities of several reazruliting and
augmenting experiments at which the maximal amplitude of
the surface negetive components during SN were 20% or less

of average amplitude of the fully developed uneend:iioned



TABLE I

Respongiveness of Electro-cortical Waves

Recruiting Augmenting

Average

Intensity SN

producing nege :

ative compo= ‘ 0,96 mA 0,27 mA
nent 20% of UC

value

5

Number of l
Experiments {1 greater
than 0,5 mA)
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responses, In one recrulting experiment, 3N was carried
cnly to an intensliy of 0.5 mA at which level the RN was
LE% ef its unconditloned velue., In two of the experiments
included in this table, the recruiting snd augmenting
responses were recorded alternately from the same cortical ‘
electrode, The dlfference In the average polarizing cur-
rent intensity which produced an 80% reduction in Qmplitu&e
in the two responses, 0,27 mh for augmenting resgponses and
0,96 mA for recrulting responses, emphasizes numerically

an cbservation which was made many times during the course

of these experiments,

C. Effects of surface positive polarization,

1. Recrulting,

' The changes produced by progressive SP are 1lluse

trated in Figure 2. There was s progresaive enhancement
of the individual KN with each succeeding level of polarize
ing current intensity, This enhancement was made up of
incresses in both amplitude and duraticn of RN in most
experiments, although the duration changes were diffieult
to assess in some cases beceuse of the presence of an RLP,

In most recruiting experiments several stimuli
were required before the responses reached a maximum amplie
tude and little or no response is seen after the first
shoek, 8P frequently revealed 2o responge to this atimulus,

even though in most cases the number of stimull reguired
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for the responses to reach a naximum in a given traln was
not altered over the unconditioned trains,.

| In view of the demonstration of conductlon velogw-
ity alterations in axon action potentials (L1) and corticsl
caffeine waves (38) during the flow of direct currents,
careful measurements were made on ﬁﬁ@ lateney of the pe&ks
of both recruiting and augmenting waves, Peak latencles
wevé chosen rather than latency to the onset of the various
components because of the greater ease of accurate measure-
ment and because of the assumption that the evoled waves
are composites of several potential components, On this
premige 1t is reasoriable to conclude that a pesk represents
a predominance of a certain cortical activity and offers
the best point for measuring elterations during conditione
ing procedures,

The tebulation of the data on latency measure-
ments of the unconditioned RN peaks in Table II confirmed
in goneral the tendency of recruiting responses to peak
progressively later from the beginning to the end of the
train (45). In some experiments this tendency was much
more marked than cthers‘an& in one experiment the differw
ence was nearly 20 msec, between response 2 and response 7,
On the other hand, one experiment whieh showed no eortieal
potential till the 5th thalamic shock showed no difference

In latency between the Sth and the last response,



§'¢= 29*0~

L B v S
" 39 o g I~
Y=o =4d bL 0= g1~
e |
- - mcm'

V& g'0 vE §g'Q

61~ e 0~

1= €50~

m;.ﬂ’ m-.ﬁ‘l

=& 5T~ 44T~
R o =

L m..iﬁ.l

(¥ K wodaJ

Vo'l ve §°¢

sAT9BIRy e9BJIING

290~ 21 q°z 299G~
92° 0= | # ot 4
2970~ &% 8°2= 2°1
6lL°0~ L 1 g°1 £°T
22~ 2°g gt gt
g*'Il- €g°0 910 91’0

ya 0 vu g°¢ wvw 9*p  ym 1*Q

£°T g2*o~ 22°0 £'1

670 £°0 6°0 6°0

2 T- 91 ST

£°e 0 £*2 a1

0 = 0 TG 0=

LL'C 0 e | glto~
‘a°g) (4 W wodJ *g*'g)

VW EC0 YW O°T VW §°C  vH £°0

BAT}TBOd 09BJJIRG

sXBOog NY Jo Aouefs

I1 14Vl

» L I

€@ O I
LI )
sl el o e Ko Raal

{ *oo8w)
.Qim

( *oosu)

on

61
Li
mm

i
i
2h

HH

O NN B

N NN B~

sguodsoy



9'2=~ 2¢O~ e g2~  62*0~ 62y~ | Rk | 5°05 A
B O g Q= g o= G 0= 20 9o~ %2 q*61 9
: 2 0 T2~ 0 0 520 1 gy S
2 - . m—— - geI= 2%0 2'¢ 20 g°2 S T Ui
1= T°'2- 1= T°T 2L*o= 9¢ o= g2 9¢ £
gii*o~- gi*o- ghto=- 6°0 g1t o= 6°0 ) o T¢ 2
VU S0 VM O£°0 YW 900 VM G0 YW £°0 VW 90°0
9*z- = g*2= 0 o 0 S*1 0¢ L
e = - At 1 T LI Ad! e 9
1= L = T 1% T Lo LE g
€ =i Lh e = 31 2°1 = fL°0 L ki
g1 o= f*1~  Siro- £°1 £ Sheo 22 19 ¢
ql*g~- €1~ gii'g~ gh°o gli*o £ 1~ Al 1€ 2
VI O°T VE SL°0 W S0 VE 0T ¥ SL°0 W& §°0
pATqBIey e0BJANG BATATBCg eowjang af esuodasy

siBOg Ny Jo Aousge

(penurjuod) II IILVL



0 g~ 1'g= €£°2 0 ¥ L1 ol 0T

LT~ 0 T o 0 T oz §2° g 6

2o 2°1 tl'o 2°1 1L0- LAY 12 S*6¢ g

we-1 A o o' 2 1~ £°1 i 1 Lo 6€ L
~—— 60~ £°1 &L 6E°0 11 92 b€ 9

—-— — ge*0 gE*D gE° o~ "1 9°*¢g h 4

Y 0T v GL°0 V@ S0 VU O0°T v SL'0 V¥ §'¢
eATgBdeYN 90BIANG eAT3I80g 9oBJJING on agucdesy

sx¥eed NY Jo Louesgsq

(peuutqucd) IT HIGVL



36

In Table II the latency of conditioned recrult-
ing reaponse peéka have been computed in units of 8.,
from the mi&-raﬁge of unconditioned responsss, A minus
figure in this and other tables containing latency measure-
ment data signifies a decrease in the lateney of that peak
from the mid-range of the‘uneanditiana& values, The
majorlty of the conditioned values (8l,.5%) were less than
2 8,0, from the mid-range of the unconditioned response
values, Of those samples showinp a change greater than
2 8,D,, 137 represented an increase in latency and 2% a
decreuase in latency, Another significent fector ia the
lack of relation between the conditioning current intensity
end the megnitude of deviation in bhevlaﬁenay. In many of
the responses showing e changs in latency greater than
28,D., a corresponding response at a higher level of
pelarizing ourrent did not produce a pvopartianal inereass
in the change in latency, These date are difficuls %o
Interpret but the most likely inference would be that SP_
has net altered signiffcantly the peak latency of the RN,
It seems reascnable to assume that if encugh samples of
recrulting trains were measured at each level of condition=
ing ocurrent intensity, the miderenge end veriation of the
conditioned samples would be similar to the parameters of
the unconditioned responses, The design of the experiment
dld not permit the acoumulation of this data, sc thet no

confirmation of this sugpestion cnn be made,
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Although both amplitude and duration of RN wers
increased during SP, the anplitude ecan be more sasily
deternined with accuracy. Unlike the effect on the latenay
of the RN peaks, the amplitudes of this component responded
ir a charascteristic and predistehble menner to 5P, The
results of measurement of the KN amplitudes of a typleal
recrulting experiment during conditioning are plotted in
Figure 3 {(open symbols) and e'ompared Wl th the unconditloned
perametera from the same experiment, The slow progressive
Inerement in the unconditioned RN is illustrated in this
figure, the responses in this instance reaching a maximal
amplitude at response 7. 8P produced sn increass in the
amplitude of each response throughout the train snd the
increase was proportional to the intensity of the polarize
ing current, The amplitudes of the conditioned responses
were Incrsased over the unconditioned values to about the
same degree throughout the train, This is evident from
the parallel courses of the lines repregenting smplitudes
of both unconditioned and conditioned responses, Although
only two intensities of polarizing current have been dise
played in this and succeeding figures for resscns of
clarity, the proportional relationship between increase
in individual response amplitude and conditioning current
intenelty was maintained at all levels orf current intensity

up to the maximum used for each experiment,
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2. Augmentation.
Augmenting responses were altered by polarizing

currents in a manner which at first glance seemed more
dramatic. The greater responsiveness of augmenting leads
to this Impression, bubt the most aignifieant‘factor was
the fact that simultaneous changes took place in both the
AP end AN during the flow of polarizing current, Figure L
11lustrates the alterations produced by SP during trains
of typlecal augmenting responses, The AP was diminished
while the AN was enhanced by increasing levels of polariz-
ing current, Expressed in another way, bthe net result
during 5P was an increase in surface negativity, In
responses where there was no chservable poﬁéntial after
the first shock to sugpest the presence of augnentation,
SP did not produce an augmenting potential,®

The latency to the peaks of AP and AN were mense
ured in five experiments and the data are presented in
LYable III, The latency of the unconditioned AP in some
experiments was short in the initial responses but in every
case reached its maximal value by the third response, The
latenoy of the unconditioned AN peaks remalned constent

In contrast to the change in latency of HN geen in most

3
© Mo systemstic cbgervations were made on the prlmary
response during polarization except to confirm the observge
tlon that SP decressed the iniltial surface pusitive compoe-
nent and enhanced the surface negativity while 8N effooctse
were the reverse {43).
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unconditioned trains,

AP peair labencles were not significantly seltered
by 8P, AN pesks, however, were consistently earlier dure
ing the initial few responses of the conditioned %rains,
particularly at the nigher levels of direct current inten-
aify. In four of the five experiments compiled in‘Tablﬁ
1IT, this effect is seen as a marked decrease in the latency
of AN, The latency measurements from experiment 7-2lL have
been plotted in Figure 5 to demonstrate this alteration.
The hatched portion of the figure rapr&aanta the parameters
of the unconditioned AN peak latencies, The width of the
fhatched figure for each response r@prﬁé@nts the'variéticn
in latenocy of the unconditioned responses (2 ©.D,), During
a moderate degree of pelariz&tiﬁﬁ (0.1 mA) the AN peaks of
the first few responses in the train tended to fall earlier
than the unconditiloned velue, though the decrease in
latency was not significent according to the standard
adopted earlier., At the higher level of polarizing current
intensity (0.3 mA) there was a striking decresse in the
latency of AN which progressively fell wlth successive ‘
responges to insignificant levels near the end of the’trahﬁ.

A e¢losely releted change from beginning to end
of the conditioned trains was the successive growth in
amplitude of AP, In other words, there was a correlation

between the size of the AP and the latency of the peak of



FIGURE &

Alterations in latency of AN during SP,
Response nurber is on the ordinate, ‘
lateney to the AN pesk on the sbsclssa,
The habtehed figure represents the paraw
meters of the unconditioned responses,
The horizontal bar at each response
repregents a variation of 2 8.U. The
mlderange is Indicated as a short
vertlcal marker on each bar, Note that
the mid=-ranges of responses 2 - 7 did
not vary greatly from the beginning to
the end of the train, 8P decreased the
latency of the initilal responses in the
train, but late response peaks wers
unchanged, (u = 2, 8/s0c., 0,1 msec,,
submaximal stimull to n, ventralis
posteromedialis, recording from anterior
sigmold gyrus)
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TABLE IV

Relationship of A P Amplitude
and A N Latency, 7 - 24, 0.3 mh S P

Response Amplitude % of ® Latency 4 of %
AP T AN of #lj = 7
(pv) (msec, )
2 Lo 18 16 48
3 8o 37 18 gl
b 200 92 130 89
5 20 101 3l 102
6 230 105 3K 103
) 220 | 101 36 107
Average (%) #li = 7 Average (%) #l - 7

217.5 pv 33.5 msec.
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the AN at higher intensitles of 3P, There wzz no such
correlation between AP amplitude and AN pesk latensy in the
unconditioned vresponses, as ig obvious from the stshle
value for unconditioned AN pesks throughout the train
1llustrated 1n Table III and in Figure 5, The relation-
ship between conditioned AP amplitude and the labency of
AN during polarigzation at 0.3 md is demonstrated in Table
IV, The data are computed also in per cent of an average
velue of voltage or latency of those responses which have
resched a stable value in the train., The data in this
table are characteristic of the findings in three experi-
ments, In two other experiments, each of which showed
the great decresase in AN peak latency in the initisl
responsges in the train, the AP was completely abolishad
at this level of 8P, The essentisl vallidity of the core
relation was strengthened, however, by the observation
that the initial portion of AN had less slope in the later
rasponses in the train than in the initial responses,
This sugpgested that AF wae present in the later responses,
even though the net potential dlfference recorded at the
surface was nogative,

SP affected the amplitude of sugmentirg responses
aceording to the relation demonstrated in Figure 6, The
upper hatched portion of the figure represents the measurew

ments of unconditioned AN peaks, The lower hatched portion



- FIGURE 6

Effects of SP on the amplitude of the
components of augmenting responses,
Amplitude in microvelts is on the ordinate,
reaponge number on the sbsclssa, The
lower hatched flgure represents the am-
plitudes of the unconditioned AP, the
upper hatched figure the parameters of
unconditioned AN, The width of the
hatched figure has the same significance
as outlined in previous figures, Note
the difference in the number of stimuli
required for AP and AN to reech maximum
amplitude in the train. During conditione
ing, there was a change in amplitude of
both components which was proportional

to the polarizing current intensity, The
net effect of SP was to increase the
negativity during sach response, At 0.5
mA the AP has been completely abolished,
The responses in the other trains reach
their maximum value after the same number
of Stimulio (if- - 21’ 6/38‘3‘; 0.2 mBEQ,
submaximal stimuli to n. centralis medi=
alis, recorded from the anterior sigmold

gyrus)



Microvolts

500

400

300

200

100

200

300

400

500

-
-

W & e

"

05 mA SP

0.25 mA SP

A=

0.5 mA SP

-\A

Al

1

0.25 mA SP

3
Response

4




L1

of the figure represents the same measurements of the uncone
ditioned AP peéks. The width of the band plotted for each
responge ropresents an asmplitude of two $.Q.'a estinmated
from the renge of the unconditioned values, The values far
the unconditioned responses emphasize the point mentioned
previously that AP frequgntly reaahed'its maximunm earlier
in the train then did AN, ‘The proportionsl relation
between the intensity of polarizing current and the change
in peak emplitude for eech response in the train is empha-
sized in thls fipgure, The conditlioned trains teﬁded to
reach their maximum value at the same time as the uncon-
ditioned trains. The AP'wag completely abolished at a
current Intensity of 0,5 mA., The results illustrated in
thie flgure are quite typical of augmenting experiments
during 8P, with the qualification that the actual intensity
of polarizing current at which complete ebolition of AP
occurred varied from experiment to experiment,

SP affected the negative component of both re-
sponses in a similar fashion, the net result being en
increase in amplituderwhich was proportlonal to the polarize
ing current intensity. The enhsncewment of AN was asgoclabed
with a corresponding diminution in AP, %he latencies of
RN and of AP during SP were unpredletable, and, in view of
the shorteomings of the statistical design of the experiment,
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were not significantly saltered. AN reached i1ts peak sig-
nificantly earlier in the initisl responses in the train
and Jts latency change was correlated with the amplitude

of the AP during the higher levels of polarizing current.

D, Hffaéts of surface negative polarization,

1. Recruiting,

The changes in recrulting respoﬁsaé conditioned
by SN differed in several respects from the changes
accompanying 8P, The alterations produced in RN consisted
cf' & pregressive reduction In amplitude snd duration dure
ing conditioning with SN, This is iilustrated in Figure 7.
A concomitant change seen in all the recruiting experiments
was the development of RLP with increasing current intensi-
ties. In three exporiments, a small unconditioned RP was
present, but, due to the irregularities of its eppearance
even in the same train of responses, it was not sub jected
to a careful analysis, During SN, however, RP was fro-
quently scen and wae often closely related to the enlargew
ment of RLP, A careful study of all the conditioned
recruiting responses resulted in the distinet impregssion
that SN, by redueing the amplitude and duretion of RN,
permitted the registration of an underlying positive wave
of which RP and RLP were component perte, Additionsl
examples of this change in wave form sre presented in Fig=

ure 8, These samples suggest that conditioned responses
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FIGURE 8

Unconditioned recruiting responses with
the corresponding response during SN,
Note the decrease in latency to the onset
of RP and the contours which suggest

that RP and RLP are parts of the same
positive wave during SN, The positive
wave (RP and RLP) may be in phase with
RN, as in the upper figure, or out of
phase, as in the lower figures, Calibra-
tions represent 20 msee, snd 500 micro-
volts., Upper tracings {4 - 21, 8/sec.,
1,0 msec,, submaximal stimuli to n.
centralis medialls, recording from
anterior sigmold gyrus, response 10),
Middle tracings (3 - 27, 8/sec., 0.8
msec, , submaximal stimuli to n., centralis
medialls, recording from left anterior
sigmoid gyrus, response 7). Lower trace
ings {same experiment ss above, rscorde
ing from right anterior sigmoid gyrus,
response 7),






began soon after the stimulus srtifact and that the
apparent long latency of the unconditioned recruiting
rosponses might in reality be due te a period of zero
potential change during which the negativity of local
depolarization 1g balanced by the simultaneous ocourrence
of = distant sink which, scting by itself, would produce
surfece posltivity., Occasionally it was noted that SN
revealed ¢ smell positlve response following the first
thalamie stimulus and which corresponded in time with the
EP, This response incremented and became continuous with
RLP with succeoding stimuli, The RNV then developed in
this positive trough, This observation lends credence to
the ldea that EP and RLP were portions of the same potens
tlal wave and that the RN and the positive components
revealsd &uring SN may in certaln ceses be gmeparated from
one another,

&n analysis of the RN peak latenciss during 8N
revesled results snalogous to those found during SP, Theae
data'afe pregented In Teble II, Approximetely 89%4 of the
conditioned samples measured fell within 2 8.0, of the mide
range of uncondlitioned RN peaks., Of the remaining 204,

2.5% were positive, representing an inecrease in the latenay,

while 17,57 of the sampies were more then minus 2 S.D, from

the mwid~renge of the unconditioned values, There was the
same lack of relation between the conditioning current

intensity and the degree of change in latency as was meen



L

in 8P, Apain the most likely concluaibn must be that the
RN peaks are not significantly altered by polarization,

| The decrease in the amplitude of RN during proe
greésive SN is 1llustrated by the filled symbols ia Figure
3. 1In all responses except the first, the RN is signifi-
cantly decreased from the unconditioned value and to a
degreé that 1s proportional to the conditioning current
intensiﬁy. The apparent fallure of SN to influence the
flrst response in this partiaulér experliment represents
an exception to the other fouf experiments analyzed in
this way:. The amplitudes of RN peaks throughout the train
tend to increase to the same degree that the unconditioned
respanse'amplitud@s lncrease, Once sgain, it is apparent
that polérizatiﬂn did not alter the number of stiﬁuli
required for the attalmment of maximum amplitude in each
train,

<, Augmentation,
Augmenting responses showed alterations during

SN which in certein respects were the reverse of those seen
during 8P, The AP was enhanced in amplitude and duration
while the AN was decreased, buth alterations bearing s
relation tc the intensity of the pelarizing current, These
alterations are illustrated in Figure 9, The net effeoct
of SN on the augmenting responses wes an increase in the

total positivity, or alternately, a net decresse in the
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negativity of the augmenting responses,

With & few exceptions, the latency of the AP and
AN pealts wes not changed during SK, The data on measure=
ment ol aagmantiﬁg peaks st various levelg of conditioning
current intenelty are included in Tsble V. In 6,55 of the
sempleos in Table V, AP was significantly greater than the.
mld-range of the unconditioned responss latenciss snd some
of thzge repregented increases in listency, vthers,
decreases, In §% of the conditioned responses AN pouks
had latenclies outside the level of significance, sume of
then representing an inoresse in Jatency, obhers represente
ing 8 decresse, There was no relation between stimulus
intsneglty and the degree of change in latency in those
instances where condltioning produced s change preater
than 2 S,0, from the mid-range,

Figure 10 1llustvates graphically the changes in
amplituae produced at two levels of direct aarr*ut inten=

316y, The fipwre is typical of all the augmen vting responses

in this series of experiments, The upper hatolied portion
of the fipgure vepressnts the miderange and standard deviae
tians of uneonditlionsd AN while the lower hatched portion
of the figure reprasenta tze sams parsncters of wnoeondie
tioned AP peek emplitudes. The AW peaks reached Gheir
maximium smplitude later in the’%rain than did AP peaks in

conformance with previous data, 8§ increused the aanlitude



FIGURE 10

-

Zfleols of OF on the ampiitude of the
components of augmenting responses, The
~dguwie 1g arroenged sz in Figurs &, Thia
figure 1lluatrates the tendency of AP

¢ resok 1% mexinum earller in tie train
than AN, There was a diminution in the
smpiltude of AN and an increase in AP
which was proportional to tha polarizing
sugrent Intenslty. The net affset ol

8N was to increase the positivity
Povorded lan each response. Hobe that at
0.2 mA, AN has been virtually sboelisghed.
Wl bhlg exceptlon, the condiiioned
treins reach & maximun after the same
nusher of atlawil cs do the unsondltioned
trains, (7 - 17 « B, analysls of experi-
asat Lllustrebed in Figure 9
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of' 4P and dearessed the amplltude of AN in each response
to a degree that was proportional to the intensity of the
polarizing current, The paralielism between the lines
connecting the amplitudes of ths conditionsd responses and
the general contour of the unconditioned response peak
amplitudes is again apparent, and the cbservation that
polerizing currents did not alter the number of stimuli
required for the reaponsa# te resch their mexirem ir the
Train is seen to be gpplicable to SN polarization of EVf-
menting responses,

3 Summary,

SN diminished the negetive component of both
regrulting and augmenting responses, The positive component
of eugmenting was conconitantly Increased, whilo sn erthance w
nent of RP and RLP was ssen in recruiting responses,

Viewed in another way, N diminished the degree of nogative
1ty recorded during both typss of evoked potential, Coartein
observations during recrulting responses suggeatad thaet RP
end RLP wers parts of the same positive pobential wave and
that diminution of RN exposed this wave in i3 more or less

pure foym,

E., Stimulus inteneity of threshoid thalamie shocks during
polarization,
In one recrulting and one auwgmenting experiment

the stimulus intensity at the thalamio stimuleting electrode
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necessary to evoke threshold responses was measured, The
threshold Intenstty was considered that surrent which
produced an observable ineremental cortical response with
repetitive =timulli, The results of these measurements are
show: in Table VB This analysis revealed that polariﬁing
surrente dld not alter the thalamic threshold for the pro-
duction of a cortical response, even though once a threshold
Intenipity wna reasched the individual cortical responses
might be lerper er smeller than the responses evoked in

the absence of the flow of polarizing current,

F, Effects of pelarization on the relayed pyramidal volley
of augmenting responses,

In a number of exp@rim&mﬁa, a concentric recorde
ing electrode was pleced in the pyremldal tract ab the
level of the pons, making possible bthe aimul%aneaué
recording of the surface potentials and the pyramidal
relayed volley, The potentlal reaérdeé in the pyramidal
tract dﬁriﬂg augmentatlion was a monophasic positive wave
which began Se-2 maes, after the thalamie stimulus arti-
fact and persisted for the duration of AP, Uccasionally,
the positive potentlal was followed by a second small
posltive or negative deflection which colncided temporally
with the AN recorded at the surface, ‘

The pyramidal relayed volley was unchanged by

sortical polarization in alli experiments in which such



TABLE VI

Thalamlc Thresghold Stimulus Intensity
puring Conditioning

Recruiting (7 - 16 « 4) (Aupgmenting (7 « 15)
(Stimulus intensity (Stimulus intensity
in mA) in mA)
Polare 3P SH Polare SP SN
lzing izing
- Current Current
(raf ) {ma)
900 v 002% 0.25; OO{}} D.G? ‘ 0097
0,04 0,20 0,28 0,0 0,09 0.09
0,10 0s20 Q.30 0.20 0,07 0,09
0,20 D.30 0,27 0,50 0.12 0,08
9.20 0.27 0,27 1.00 0.13 0,08
3,60 0.2L 0,30 2,00 0,09 0,08
1, 0’3 6,28 0‘3"4 e s o m 8 e s
Pulse duretion: Pulse duration:
‘ C*E; mSéJ. 0, 1 msec,
Renge UC: 0,25== Renge UC:  0,06w-

Lo 28 0.12 mA
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recording was utilized, even though the corresponding
cortical response might be markedly altered., Severe coole
ing or severe mechanical trauma to the cortex did diminish
and occasionally abolish the rolaysd volley, The augmente
ing reﬁpensés roeorded during these procedures produced
large'monophasic positive potentials which resemblaed, in
most respects, the augmenting responses produced during
SH.

Unconditioned recruiting responses were gensrally
not accompanied by a pyramidal relaved volley and nono was
produced by polarization of the cértax,

In spite of the consistent absence of any gltorae
tion in the pyramidal relayed volley during pelarization,
this negative result must be considersd tentetive until
further control procedure and a more thorough study of the

origin of the pyramidal rsleyed vollsy ere perforced,

G, Alterstions produced inconstantly by polarizing cur-
rents, »

1. Zffects of SP on ALP and RLP,

The late positive deflection was increased in
amplitude in both recruiting respenses in certain gxperi-
ments, HWhis increase psrticularly during augmenting
responses was occesionally quite marked, and the ALP in

these cases continued up to the succeeding response in the



19

train, The amplitude of the increase wss proportional to
the intensity of the palari&ing‘&urr@nt and was most
prominent 1ln those eaperiments whilch had a fairly prominent
RLP or ALP, The conditions favoring the production of this
phencnsnon were not studied in detail,

2, Late negsativs Egzg durins SN of sugmenting
responsas,

In four of silx experiments on augmenting responses,
the ALP wes reduced with 8N and a late negabive siow wave
developed which was clearly separsted from the AN, This
wave was of low amplitude, beginning 80~-100 msec, after
the thalamic stimulus ariifact and frequently pa&sist&d
until the susceeding stinmulus artifact.' The contour of
this defleetion 1s seen in the Lth response, at 0,2 mid 3N,
Figure 9. The conditions favoring the productien of this

deflection remain obacure,
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Tne pertinent observations in regard to the influ-
ence of c¢ortlecal polarizing currents on‘recruiting and auge
menting waves can be summarized briefly, There is a
definite difference in the responsiveness of redruiting
and augmenting waves to alteration by direet currents,
Choosing an arbltrary standard, the augmenting negativity
was depressed by current intensities less than one third
theose required for similar reduction in the recrulting
negatlvity., The negative components of both responses,
which present many similsrities in the unconditicned state,
were found to respond qualitatively in the same manner to
the influence of electrical polarization, SP inereased,

SN decreased the smplitude and duration of the negative
ccmpanenta of both responses, Augmenting responses were
marked by a prominent initial positive component which was
affected in a mamner opposite to the augmenting negativity,
S¥ decreesing its magnitude and SN inereasing its magnitude,
There was no compsrsble Initial positivity in reeruiting
responses recorded at the cortical surface, However, dupe
ing BN, en initial and a late positivity were substantislly
Increased in size and eppear to be portions of the same

positive deflection, Thus 1t isa spparent that the net
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ef'tect or SN was to decrease the amvunv of surface negabive
ity ia Lovh responses, while bhie net eifect of SP was to
Anereass the amountv of surface negativity in both responses,
Tne latency of the peaws of both responses were, in the
main, not significantly changed by sortical polerizing
currents, 5P aid significantly decresss the l&tﬂﬁ&j of
the peak of the augmenting negativity in lnitial responses
in the train, but as the auyhenting paaib;vity Ineremented
to a maximw: awplitude, thls cuange in peak latency fell
o levels which were not gignificently different from the
wisonuivioned avgmenting negativity. The number of stimull
required for respunses to reach mamimul-&mplitude in e
traln was unchanged Ly the flow of poiariaiﬁg surrents,
ho alteration was observed in the parameteus of the pyrae-
miaal relayed voliey during cortical polarization, Lastly,
there was no change in thalamlce threshold stimulus inten=
aily durlng tae flow of polewizing currenis,

it seems unlikely that poiarizing currents alter
the characterlistics of the recording system used in these
experinenis, ﬁcn~palarizab1a recording electrodes were
used 1n the vielnity of the different coritical polarizing
electrode and the wick was never permitted to touch the
cortical plek-up, Of even more significance was the
observation that contowr of the conualtioned responses was
the same when recording was done in such a way as to present

evoked responses to the pre-amplifiers at a zero UC level,



The difference in résponaiveness of the two
responses studied in these experiments, though certainly
prominent, is not considered evidence for the ldea that
recrulting and augmenting ere manifeststions of sctivity
in basically different structures in the cerebral ecortex,
There are two poasible @xplanatiﬁng‘fsv this diffarancevin
susceptibliity to slteraztion by direct curr@nt»a@ndiﬁimnu
ing, ,

The first considerabion is wne of quantity. Are
there more slements responsive Lo polerization taking part
in one respoase than in the other? Unfertunately the data
give no informetion which might help us weigh this possibil-
ity., The faet that uncondiiioned augménting'respons@s
reach thelr maximum earller than recrulting responses can
not be considered evidence fopr a g@eaber density of respon-
sive elements in the former, because the eventual amplitude
reached in Loth reepouses 1 in the same range, 250-1000
mlerovolts. On the other hand, the similarity of the maxi~
mum emplitude can not be censlidered evidence against the
possibility of s greater density of respbnaive elements in
augmenting responses, because numerocus nervous structures
are capeble of undergoing graded responaes (28, 46, L7,
48), Thus, fewer recrulting elements could conceivably be
undergoing s greater change with the result that the final
amplitude of the response in both instances might be the

same, There is no information regarding the magnitude of
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the afferent volley in elther response, nor have we an
index of any evoked acrﬁiciéﬁﬁaﬁi activity during recrulte
ing to compare with the volley relayed down the pyramidal
tract durlng sugmentation,

In the abgen&e»nf any evidence for or against
the idea of = guantitative difference In the elements
responding to two types of thelamic stimulation, what
gqualitative foctors might ac¢count for the difference in
responsivencss to polerization? The most pertinent informae
tion in this regerd indicates that there are two separate
pathways to the elaboration of the final surfsace negative
response, Careful depth recordings in the cortex reveal
that augmenting responses originate in cortical iayer 1v,
Recruiting on the other hand, when careful controls elimie
nate the possibility of simultaneous sctivity in specific
thalamo=cortical fibres, is characterized by the presence
of a sink which is restricted to the most superficial
reaches of the cortex (27), The most likely inference 5o
be derived from these data is that the nepativity of both
recrulting and augmenting responses represents the activity
of simllar structures, sctiveted in different ways, For
example, the augmenting negativity mey represent the
responses of superflcial aspects of aplcal dendrites
activated antidromically, analogous to the antidromiec cone
duction of activity in aplcal dendrites during the primary

response (37, 29), while recrulting responses may represent
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the aetivity of apical dendrites activated by superficial
local syneptic depolarization. Again, the data do not
reveal any ultimate explanations for the observed differe
ences in responsiveness of these phenomena, nor do they
offer eny evidence for or against the supposition that the
difference in responsivensess is related to the difference
in the pathway by which the responses are svolked,

Granted that there are unexplained differences
in the responsiveness of recrulting snd avgmenting to
polarizing currents, the possible mechanisms of production
of alteratlons in the contour of these responses regquire
some corment,

Bishop {}43) has proposed a scheme on striotly
theoretical grounds which presumes that potentiel waves
recorded at the cortical surface are constituted of the
summated potentials of individual neuronal discharges,
During pelarization, these discharges would be altered in
amplitude and/or polarity in a menner analogous to the
baﬁavior of short lengths of polarized axon, The explange-
tlon does not seem applicable %o these experiments because
of differences in recording technique and because no such
alterations were produced in the contour of the action
potentials of spontaneously active cerebellar unilts during
the flow of direct current (h?) ¢r on spontaneously active

sortical unites recorded during the flow of direect currents,
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A second peossible mechanism by which the contour
of the evoked potentials might be altered is a chenge in
the number of unitary discharges making up the potential,
Numerous studles have indicated that direct currents
inerease the number of neurcnal discharges from single
cells (L9, 50, 51, 52, 53), However, there are two prin-
cipal reassons why 2 change in the number of unitary dige
charges during polarization is considered an unlikely
explanation for these results, In the first place, an
sbsence of change in the thalamic threshold for the produce
tion of sn incremental response argues against any increase
or decrease 1in the number of unitary discharges during cone
ditioning by direct ocurrents, If an actual change in the
gquantity of responsive units &uring pelarization occurred,
& corresponding change in stimulus intensity would be
required for the production of an obsgervable cortical
response., Secondly, it was observed on numerous occasions
that the size of the relayed pyramidal volley during the
production of augmenting waves was uﬁehanged‘by polarizae-
tion of the cortex, regardless of the intensity of the
polarizing current, During recrulting responses, polariza-
tion of the cortex did not produce any relayed pyramidal
volley when, as in most cases, there was none in the uncone
ditioned response,

A third poasible axplanation for the changes
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produced by electrical polarization of the cortex may be
based on the assumption that cortical waves are constituted
of surmated membrane depnlariéatiana of a graded character,
Instances where polarizing curvents alter the megnitude of
individual membrane changes have been maﬁtiamed previously
(41, 42). It has been suggestsd that certaln nervous
structures are capable of undergoing activiby of a graded
nature In contrast to the classis prototype of nervous
activity, the allw-or-nothing response or sction potentisl
(L7). These tissues respond in direct proportion to the
intenaity of the stimulus end are characterizsd by & lack
‘of an absolute rafﬁaatery period which means that steady
qtimuli may result in a membrene response which is maine
tained at a consbtant level for the duratlon of the stimulus.
The lack of evidence for an incresse in the sctual number
 of responsive units during polarization plus the dirsct
relation between the current intensity snd the amplitude
of the negative components of both recrulting and augment~
ing responses suggest that some structure caepable of graded
responses may be invclved'in-the pro&ucﬁibn of these alterw
ations, Thus it is proposed that tha gualitative similar-
ity in the effects of polarizing currents on the negative
component of the evoked potentials implies that a similar
cortical structure 1s involved in the production of both
these potentials, and the indications are that this cortieal

structure is one which responds to excitation in a graded
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faghion,

There are a number of observations which suggest
that this structure 1s located in the superficial reaches
of the cortex.

It has been lmown for many years that an electrode
placed in an area of neuronal activity will be negabive to
neurclogically inactive tissue, Therefore, it may be
assumed that some sort of nervous activity is present in
the viéinity of the surface eloctrode during both responses,
The influence of polerizing currents will be greatest at
the point where the curvent density is the greatest, This
obviously is at the cortical surfacs nesr the recording
electrode, An sdditional observation whish eﬁphasizes this
point is the finding that the position of the indifferent
' pelarizing electrode is not eritical as far as producing
alterations in the wave contours is concerned,

Further convineing evidence that moat of the
effects of polarization are at the surface is'baseﬁ-ﬁﬁ the
obgervation that surface depressants mimlic the action of
Sﬂiof the cortex., Veratrine applied topically produced a
steady negative potentlal at the cortical surface and
evoked primary responses were predominantly positive {(Bl),
thus bearing en snalogy to the effects of SN, Coeaine
reduced recrulting responses to positive waves which were

unchanged by complete ablation of the cortex (30) and the
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result of procaine and metycalne applied to the surface
was similar (23)., Moderate cooling of the surface of the
cortex reduces both asugmenting and recrulting responses
to large positive deflections, In experiments in which a
recording electrode was pldced 1n the pyramidal tract,
simulteneous recording of the surface augmenting potentials
and the pyramidsl relay indicate that the depressant

effect on the AN oscurred sbove the cortical layer IV
because the relayed response was unchanged (26), The funce
tional integrity of the thalamow-corticsl afferents and the
efferent neurones in layers IV and V must have been intact,
- Reeruiting responses clicited in the same preparation wers
affected Iin the same way, again localizing the effects of
cooling to the superficisl cortex (26), Mention was made
previously of the observations that polarizing currents

did not alter the pyramidal relayed response, even though
the corresponding corticel response during SN was predomie
nantly a large positive defleotion, Lastly, the offects

of detericoration of the preparation from drying or cooling
or of meahaﬁical-trauma to the corticel surface during the
experiment resulted in the ccnvar&ign of the evolked poten-
tiels to large positive deflections. On several occasions
it was observed that SP applied to cne of these deterioe
rated preparetions resulted in the production of responses
which had a negetive component similar to normal uncondie-

tioned responsos and in some cases the responses appesared



exactly the same, |

When the surface of the cortex was sub jected to
the actlon of an excitetory agent, opposite ch&ngés wore
produced In the evolted responses, The predominant effect
of toplical strychnine on the contour of evoked waves was
an increase in the aemplitude of the negative component of
both recruiting (23, 55) end augmenting (55) responses.

The evidence therefors seems very convinelng that
the alterations produced by pdlaﬁizing currents are clogely
related to changes produsced in the upper reaches of the
cortex,

The net effest of SN ié&dearegae in the amount
of negativity recorded during both recrulting and augmente
ing responses. Thess alterstions seem best explained on
the basis of a persistent partial depolarization of the
elemsnta §faducing the surfece negative components of the
responses, If such partlally depolarized elements are

excited by one pathway or anotier, the change in membrane -
potential would he smaller in magnitude than that ocourring
in the unconditioned state,

It will be rocalled thet SN results not only in
a reduction of the surface negative component of both
evoked responses, but also results in a growth of the
surface positive components (AP, RP, RLP), In the cuse
of the augmenting response, the Initial surface positivity

is undoubtedly the reflection of depolarization occurring
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in layers IV and V of the cortex {27). The patterns of
potential change occurring deep within the cortex during
recrulting waves point $o the existence of a zone of
depolarization in some unknown subcortical locus (27, 30).
It may be that BN actually inereases the magnitude of
these events, thus Increasing the surface positive come
ponents of the evoked responses, However, such s supposi-
tion is not essential to the explanation of the incressed
msgnitude of the suriace poslitive components, since
changes of surfage potential represent resultants of all
gimultaeneous events., Thus, 1t sppears more likely that
the lacreasad aﬁplitnd@ of the surface positive components
of the evoked rssponses siuply raprogents en absence of
concurrent surface negativity, MAccording te this view,
the reduction of the surface negative ~omponent mevely
raveals thz exisitence of & surface positive component
whilch was previously hidden or ohbscured,

3P incrsases the amplitude and duration of the
negatlvity vecorded during both aypmenting and recruiting
responses, The most reasonable supposition would be that
the membranes responsible for the negative components
become hyperpblarize& during the flow of the eonditioning
current, Thus, when these membranes ape activated over
any pathway, the total shift of membrane potentlial would

ba graatar than that occurring in the unconditioned state,
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The simulteneous reduction in the amplitude of the surface
positive cempcnanté of the responses could again be a
manifestation of & changing resultant,

The dabte on measurement of the latencies of the
peaks during conditioning by polarizing currents is diffi-
cult to evaluate because of the inadequate design of the
axperiment from a statistlcal point of view, Taken as a
whole, however, the experiments sugcest that there is no
change in the letency of the peaks during conditioning
with the single exception of the augmenting negativity dure
ing SP, B8P does produce & significant decrease in the
latency of the negatlve peaks during the first few respmses
of augmenting tralms, IC 1% is assuned that the time
courge of the wave components is unchanged by polarization,
this alteratlion does not fit the hypothesis, If one
aggumes that the time courses are altered, any change in
the peak lateney could be explained., There sre no relieble
date which give any information in regard to the effects
of polarization on the time courses of these components,

The absence of any tendency in the troins to
resch maximel gmplitude earlier or later durlng condition-
ing reguires s brief commont, The incremental charactere
istics of these phenomena are wnaffectsd by pelarization,
In view of the evidence for the superficial locus of ele=
ments affected by polarizing current, this finding sugpests

that the mechanism for sucecessive incorporation of cortical



units giving rise to the negative components of the
res@wnaeé lies elther deep in the aérebral cortex or in a
subeortical structure. It has been proposed by a number
of investigators that activity in closed neuronal circults
underliss the incrementation seen in & number of electro-
cortical waves including augmenting and reeruiting responses
(3, 14, 23). Thus thalamic neurones are facilitabed by
corticifugal activity from the preceding evoked response

at the same time that an edditional thalamic stimulus is
applied, resulting in a progressively greater avoked
cortical response. One might anticipate then that an
alteration of an svoked corticel response with polarizing
current might produse an alteration in the subsequent
corticowthalamic volley which then ahsui& be manifest as

e ehang@ in the number of stimuli required for the
responses to reach thelr maximus in the ccnﬂitionad trains,
Although this sugpgests that the concept of thalamoecortical
reverberating clreuits is not tenable, other explanations
could account for this appawamt"incangistancy. The cortical
components of the reverberating eircuit may lie deep in

the cortex and, likxe the pyramidal tract efferents, be
unaffeoted by polarizing currents. The negative components
of recruiting and augmenting may represent activity in
structures which are not directly inveolved in the thalamo~

cortical circuit. Unfortunately the data do not suprest
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any reasonable explanation for the fallure to alter the
incremental characteristics of these responses,

On several occasioas, the apical dendrites of
eortical pyramidal cells have been mentioned as a possible
3trua€ura1 substrate for at least the negative components
of both recruiting and sugmenting responses., Apical den=
drites are in some respects exsellent candidstes for the
structure which is common to both phﬁnom&na.i The supere
ficlal layers of the cortex are densely peacked with the
terminel arborations of the apicel dendrites (56), Synap-
tic contact on the surface of the pyramidal cell is mede
in two regions, the sowcalled para~dendritic endings on
more superfielal dendritic structures, and the peri-
corpuscular endings on basal dendrites snd cell body proper
(7). This could account Tor the differences in the
responsiveness of the cortico-spinal systenm during auge
menting and recruiting responses if gpecific fibres termi~
nated in the vicinity of the pyramidal tract efferents
and unspecific fibres from stimulation of the'miﬂiine
nuclei made a distanﬁ‘aontaet on the distal portions of
the apical dendrites (7)., Mention has been made of the
graded response charscteristics of aplcal dendrites (28,
L6, L7, 43, BL) and also of the resemblances of the changes
produced in these experiments to eetivity in graded

response tlssues. It also secems reasonasble that a tissue
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which 1s capable of undergoing graded responses would be
very likely to be responsive to a steady conditioning
influence such as direet current, It may be possible that
the ineremental characteristics of these responses might
be dependent upen those portions of the neurone lying
more deeply in the cortex and relatively unaffected by
the influences on the ﬁepminai'pofti@ma of the apical dene
drites. And lastly, the great surface ares of the apical
dendrites close to the surfsce should make them especially
susceptible to toplcally applied drugs, to cold, ¢o traunms,
and te the influvence of polerizing currents,
Unfortunately, it still can nod be pb&itively
stated that aplcel dendrites glive rise Lo negative potene
tials seen in thalmmieally evoked potentlals or of other
eyelic ?atential wavaes which ars marked by a prominent
surface negativity, At the present time this speculation
seems to fit meny of the observations made in regard to

these phenomena,



SUMMARY

1. Recrulting and augmenting responses were
recorded from the sensori-motor cortex of cats during the
fldw of ele@trical polarizing currents, Observations on
the‘respnnaivanasa, wave form, pattern of pyramidal
rai&yed'activiﬁy, thalamic threshold stimulus intensity
and rate of inerementation were mede during polerization
of the cortex giving rise to both typce of eleotroe-
cortical waves,

2, Augmenting responses were more susceptible
to alteration by eloctricel polarization then were
recrulting weves,

3. The net effect of surface poaitive polarizae
tion was anvincrgasﬂ in the amount of negativity recorded
in each responsc, Surfece negative poliarizetion produced
the opposite effeci, These changes were explainable on
the basie of Incresrecs and decroases regpectively in the
negative component comion to both responses, The gquali=-
tatively similer reéc%ian te polerizaticn in beth
phenomena wae considered evlidence for the ldee that the
negative components represent similar forms of activity,

I« The latency of the peaks wes unchanged by
polarization with the exceptlon of the augmenting negetive

ity during surface positive polarization, In this case,
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the initisl responses in the traln had s decrsased lateney
wirlch was related to the sbsence of a preceding Initlel
poslitive somponents.,

5. Polarization produced no change in thelamie
threshold stimulus intensity, the pettern of velayed
pyrsmi&ax'ac%ivi#y, 0? the rate of inerementation during
trains oi either resruiting or augmensing responses,

&, The results were &iﬁcusaad in detell, It
was concluded thet the effects of polarizatlion were best
explained on the basls of slterstions produced in some
structure locatsd in the superficial rasches of the cope
bex, The negatlve components of both resrulting and
augentinge reasponses were preduced by the astivity af

the seme or similer structures.
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