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INTRCDUCTICH

Since the eriginal description of spontanecus electrocertical
waves by ‘erger (12) and the decisive confirmation of these findings
by Adrian and Mathews (5), the study of electroencephalography has heen
of encrnous clinical and scientific usefulness. However, the nalure
of the changes whieh produce these surface potentials has been a sing-
ularly refractory problem tc the generation of neurophysiclogists who
have followed, BRecavse of its regularity and reproducibility, the
alpha rhythm hag besn studied the most completely of all the cortical
rhythms and it is generally felt that the understanding of this wave-
form represents the loglcal first objective in the erxperimental analysis
of the meurcnal mechanisms underlying the electroencephalogram. As an
approach to an understanding of the alpha rhythm, much attention has
bean deveted to the spontanecus spindle bursts which appear in experi-
mental animals during barblturate anesthesia (32), varicus types of
coma and in animals with mesencephalic lesions (the cerveau isold prepw
‘aration of “remer (1L). The spindle bursts are perloedically appearing
trains of large amplitude cortical waves which have the same frequency
as the alpha rhythm i.e. 8-12/sec.

Wost exnlanations which have besn offered for the basic mechanism
underlying any of these 8-12/sec. phencmena are based upen one or the
other ¢f two basic concepts: a) autorhythmicity or b) reverberaticn
through closed chains of thalamo~cortical neurcns. The ldea of auto=-
rhythmieity had its erigin in Adrian's early compariscn between human
alpha waves and the rhythmic potentlal fluctuations which can be re-

corded from isclated invertebrate ganglia (1). The fact that these



latter waves can be recorded from extremely small pileces of imverte=-
brate nervous tissve favers the origin of these waves in a fundamental
tendency of neurcns for automatic and synchronlzed beating.

The concept of the reverberating cireult was first used in neurc-
physiclogy by Lorente de Wo in his studles of spinal cord interneurvns
(52 The application of this hypothesis to spontanecus cortical rhythmic
waves in terms of thalamo-cortical reverberation was based upon 1) the
demonstration of anatomical comnecticns from the sensory cortex back teo
the ventrolateral thalamic muclel, thereby completing a thalamo-cortico=
thalamie circuit (33) and 2) the observation that cortical waves were
abolished or made abnormal by experimental interruption of the thalamc=
cortical radiations (33, 29). The cortico~thalamo-cortical reverbera-
tion theory gained staturs when Dempsey and Morison were able to pro-
duce what appeared t¢ be evoked Yequivalents® of the barbliurate bursts
by 8-12/sec. stimilation of the diffusely projecting thalamic nuclei.
These waves were the now familiar recruiting responses. Critics of the
idea 0of thalamowcortical reverberation as the sole explanation for the
rhythmicity of spontaneous brain waves have pointed out that 8-12/sec.
waves are found in very widely aép:rated regions of the nervous system.
Furtherw¢re, the mumber of synaptic delays necessary tc account for 8-12/
sec. rhythms in terms of reverberating circuits is emormous (16). Finally
there have been a number of demonstratioms that isclation of the cortex
from the thalamus does not completely abolish cortical 8-12/sec. waves
{15, 43). Findings such as these led Bremer tc postulate a type of

thalamic dynamogenic influence which he described as tomus cortical (15).

T+ must be pointed cut that these twe fundamental explanaticns of

cortical rhgtlmicity are net mutually exclusive. Meost investigators



concede the pessibility that both mechanisms may operave in the normal
gituation and that thalamo-cortical velleys may trigger autorhythmic

phenomens
Classification of evoked repetitive coertical waves. The faet that

Denpsey and Merison were able to evoke waves which w&i'a similar te the
spentaneous cortical barbiturate bursts by repetitive thalamle stimida-
tion has been of tremendous value in the experimental analysis of thal~
amocortical relations. Recause they are evoked waves rather than spone
tanecusly oceurring events, it has heen possible to isclate, subecat-
egorize and to analyze them in a highly contrelled fashilone

In their original contribations (28, 29, 30, 31, 58), Deupsey and
Yeorison classified the kinds of cortical waves which could be ’evs:shd
by Bel2 sec. stimulation of the thalamus and other subcortical struc-
$ures into twe distinet groups: 1) the recruiting response which is
evoked by repetitive stimulation of the diffusely projecting thalasic
muclel and 2) the augmenting response which is evoked ngr repetitive
stimilation of the sensory relay nuclel and the muelei which project
directly tc the associaticn cortices. (n the basis of appsarance,
distribution, and interacticn studies they ccncluded that the recrull-
ing response was the evoked equivalent of the spemtanecus barbiturate
bursts and thal the augmenting response was the equivalent of 1) the
repelitive after-discharge associated with the primary response and
2) the so-called projection activity which was found in the sensory
projection areas of their nembutalized animals.

The overall trend of subseguent literature has been cunsistent wiih

thess relationships and the general idea that the recruiting respunse



&

is the evoked equivalent ¢f spontanscus barbiturate bursts has been
extonded to include alsc those spindles which can be seen in other
preparaticns. This confirmation has been based upon chservations in

a mmber of different laborateries. 1) The similarily in the surface
distribution and appearance ¢f recruitment and spindling has been
corroborated (39, 26). 2} More elaborate imbteraction studies have
alse tended to confirm the equivélame of these twe waveforms (26}.

3) The sase with which tripped spindles may be produced by single
shocks to the diffuse thalamlc system has been repeatedly democnstrated
(39, 4k2). L) Similarities in the behavicr of single cortico-spinal
units during cortical reeruitment and spindling in the pyramidal cst
have been deseribed (11, 75). 5) Hiorcelectrede studies have revealed
strilding analogies in the cortical depth distribution of reeruiting
and spindle waves (L7). 6) Penleillin injections ints the diffuse
thalamic projection sysiem have been found to prouduce remarkable albtere
ations in eortieal barbiturate spindles {67).

Interpretaticn of the surface electrical changes in recruitment.
Partly because of these many simdlarities to spindling, consldersble

aeffort has been directed toward the analysis of the potential compo-
nents of the individual recruiting waves. Attempis t¢ delineate the
relative roeles of cortical vs. subeortical gitructures in the preduction
of the waves have been markedly influenced by the changing interpret-
ations which have been applied to other cortical responses. For example,
Adrian's (3) original idea that the positive-negative sequence recerded
at the cortlcal surface in vesponse t¢ a senasory stimulus represents

the afferent volley and asesnding activation of the cortex has undeypone



slteration eince recent evidence (63, L6) has tended to corroborate
Eecle's (3h) interpretaticn that the initial surface positivity repre-
sents deep postesynaptle potentials. This medification is reflected
in the different lnterpretations ¢f the initial surface positivity of
the recruiting response advanced by Arvduini and Tersuele (10), who
visualized a very large afferent volley which waxed and waned and by
Vergeanc, Lindsley and Magoun {7h), who assigned almest all of the
surfzoe potential change to iatracortical events. In the latier
paper, tnls enphasis on intracortical mechanisms was carried evan
further when the B8«12/sec. rhythmieity was explained in terms of re-
verberating cireuits which were depioted as being predominantly in-
trinsic¢ to the cortex and thalamus and largely independent in each ¢f
these two regivns.

Identification of the histelogie structures producing these slectro-

cortical wevaes. Docause of the differences in the surface configuration

betwean recruibing responses and the primary respcnse, Dempsey and
Vorison {28) suggesied that the recrulting potentials might be msdiated
by the unspecific cortical afferents deseribed by Lorente de No (53).
The unspecific afferents were originally deseribed as having termlnations
in all cortlcal layers with the greatest number of ccllaterals distrie
buting to the sixth layer: These slructores, therefire, differ markedly
from the specific afferents which end ln a Lrush formetion in the fourth
and lower third layers (55).

Chang®s revival {22} of Cajal's original classiflcation ¢f cortical
gynapses (&6) gave impetus t© more refined atiempis to correlate intra~

gortical potentials with kecwn cortical histelogic structures {see below).



Chang reviewed the description ¢f Cajalis axo-somatic and axo-dendritie
synapses, changed their names to peri-corpuscular and pars-dendritic
respectively and imputed to them entirely egecparate and distinet func~
ticnal characteristics. The peri-corpuscular ccnnections appeared to
be designed for the reliable transfer ¢f sensory information in an
almost one-to-one relaticmship. (n the other hand, the paradendritic
endings seemed more approepriate for modulation of the execitability of
the cell bedy s as to facilitate or inhibit transmission over pﬁt-iv
corpusenlar synapses.

Resent work in Jasper's laboratory with micrcelectrodes has led
te a synthesis ¢f Deupsey and Morison's hypotheses about the nature
of the cortiesl afferents medlating the responses ¢f the two thalamic
systems and Chang's ideas about the two kinds of cortical synapses
(4O, 46, L7). On the basis of the changes in potemtial configuration
with respect t¢ cortical depth, the primary response appeared to im-
velve the specific cortical afferents which presumably activate Golgl
type 1I cells wiich in twrn probably have pericorpuscular synapses
with the pyramidal cells. On the other hand, the responses t¢ repeti-
tive stimulation of the non-specific system seemed 40 be mediated by
the zmspeeiﬂc certical afferents which were assigned terminations
on the apical dendrites of cortical cells in paradendritic synapses.
Un the basis of a similar laminar-potential distributicn, it appeared
a8 ;i’.f’ the spontanecus spindle bursts were mediated hy the same pathways
as the recruiting reép@ﬁsa.

There have been a number of s’éudias ccncerning the in@ax‘aatian of
specific wnd unspecific curtical responses which suggest that these two

systems may actually involve some of the sane cortical elements.



Dempsey and Yorison (29) showed that superimposition of specific and
unsﬁeciﬂic‘raspémses in the sensori-motor cortex was poesible without
@albuknds. Jasper and Ajmone-ilarsan (L1) found that the surface nega-
tive components of the primary visual response and the recrulting
potentials do interact and therefore the conclusion was drawn that they
invelve common neuronal elements, probably the aplcal dendrites of
pyramidsl cells {47). The interaction between these two responses has
recently been studied at ‘@w unitary level by Li {Lb). He has showm
that unspesific cortical responses are capable of facilltating the
unitary activity evoked by stimulation of the specific system.

The role of apical dendrites. As a resuld kaf extensive studies
of the primary visual respomse, Bishop (13) became convinced that the
apical dendrites of pyramidal ’ce!l_ls were capable of supporting anti-
dromic but not orthodromic conduction. Further exploration of cortical
dendritic potentials (25) led him to the belief that the apical dend-
ritic membrane was capable of graded responses only and hence repre-
sentative or a2 more primitive type of irritable tissue. Farlier work
by Chang on the func‘biéml charactaristics of apicel dendrites (21)
had emphasized the slow conduction velocities which seemed to be char-
acteristic of these structures rather than any propensity which they
might have for graded responses. WNevertheless, both Bishop and Chang
have imputed to the apical dendrites and te thelr symaptic contacts
the primary functicn of regulation of cell body excitability.

With these ideas about the nature of cortieal apical dendrites as
a background, Bishop has recently undertaken a study of these 8~12/sec.
waves (26). He has eguated the recrulting and augmenting responses
and illustrated their similarity to spontaneous spindle waves. All



thrda of these potential phencmena are, he believes, essentially
dendritic potentials. He has assigned the basic frequency of these
waves t0 recovery characteristics of certain synaptic regions on the
apical dendrites of the cortical pyramidal cells.

In sunmary, the overall trend in the literature has been i¢ ident~
ify the cortical response to sensory volleys with specific cortical
afferents and with pericorpuscular synapses. The recruliing response,
however, seems t¢ be medlated by the unspecific cortical afferents
which are presumed t¢ have primarily paradendritic terminations on
aplcal dendrites of cortical pyramidal cells. The latter system could
serve to regiulate the receptivity of pyramidal cells tc incoming sens-
ory signals and alsc to contrel the cortical elaberation of the sensory
signals. Most investigaters in this field have felt that the unspec—
ifie cortical system and apical dendrites are the main anatomical
structures invelved in the spontanecus spindle waves.

In spite of the fact that these ideas have been suppoerted by a
wealth of experimental obgservations, there are certain gaps and incone
sigstencies which demand that the scheme preseanted above be revised or
amplified. 1) There has been a grﬂuing,awarenaaa‘that mach of the
work on recrultment may be misleading in that special precautions were
not taken $¢ prevent contamination of the recruiiing response by the
ecomuonly overlooked augmenting responses. This point has been emphas—
ized by Hambarry and Jasper (38). 2) A study by Lindsley, Bowdan and
Magoun (49) shewed that most ef the specific as well as the unspecific
thalamic nuclei were essential for normal cortical spindling in verveaun

isole’preparaticns. 3) Although n. ventralis anteriocr and n. reticularis



thalami have generally been regarded as ccoupying a key pesition in
the diffuse thalsmie projection system (37, 38), very little effort
has been made t¢ determine the cortical mechanisms underlying the
short latency reoruliment obtained by repetitive stimlation of these
muclel. (These waves have many of the features of augnenting responses.)
1) L1 and Jasper (L8) noted that spontanecus spindle waves as recérded
with a ear‘éic:ai nmicroelectrode were often seen L0 reverse at & depth
which was the same as the termination of specific cortical afferents.
Because of such uncertainties Brookhart and Zanchetti (19) re-
cently reevaluated the problem using relayed and evoked corticospinal
regponses (62, 76) to relate changes in the excltability of this corti-
fugsl system and its related neurons to the cartical surface potentials
of augmenting, recruiting and spindle waves, Several special pre-
cantions were takenm in this study. Based on the anatomical findings
of Haute and Whitlock (60}, strietly midiine thalamic nuclei were em-
ployed in the study of the recruiting response in an effort to avéici
gtimilation of fibers of passage from specific thalamic nuclei. In
order to avoid superimpesed effects of tripped spindles nighly aroused
immobilized preparations were used. Spindling was produced by thermo-
coagula_‘bim of the mesencephalic tegmentum with sparing of the pyramidal
tract on ome side so thal spindliing eouid be studied in unanesthetized
animals. Oross pyramidal aléctrudes were used in order to assay the
changes in responsiveness of a populatiocn of cortico-spinal neurcns,
rather than the behavior of isclated units. The results ¢f this study
waere these: both sugmenting and spindling waves were accompanied by
conspisucus relsyed pyramldal velleys and by mm*imd alterations in
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carticeuspiﬁl respuneiveness as 'E;@sted by cortical stimuleiion during
these waves. (n the other hand the reoruiting waves were accompanied
by a small relayed volley or no relayed velley and by no detectable
alterations in cortiecc-spinal responsiveness. These resulis suggested
that similar mechanisms underiis both augmentation and spindling and |
that reeruitment is produced in an entirely different manner. Two
hypotheses ware suggested te acecunt for these differonces; 1) The twe
classes of response might involve entirely different patterns of lntra~
cortical current distribution with different potentialities for gphaptic
exeltation of ecortical meurong (), or alternatively, 2) the differences
in responsiveness wight be due to differences in transynaptic activation.
Une possibility suggested was that augmentaticn and spindling imvolve
cortical activation primarily at the somata and basal dendrites of the
pyranidal cells and that cordical reeruitment imvolves activation ef
simiiar cells at their apicsl dendriies.

The present serles of experimente reprssents an atbempt to test
| these hypotheses by recording these three cortical wave forms at differ-

ent measured depths within the sensorimotor cortex.
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Theoretical Conslderations

The technique employed in the present study, that of recording
at different measured depths within a rather restricted pertiom of
the central nervous systen, is one whiech has heen widely used. For
this reascn, there has grown up a generally accepied group of sssumpe
ticns regarding current flow arcund neurons in a volume eondustor
which has proven te be of great usefulness in the interpretation of
potentials obtained with extracellular microelectrodes. The most
thorough treatment of this problem is to be found in Lorente de No's
monograph (Sh). More qualitative treatments of the subject are avalle
able, however (25, 50, 56).

1) Siow waves. The first assumption which is generally made is
that brain tissue is a homogeneous coenductor having only chmic resiste
ance. It follows, therefore, that a mlcroelectrode which is situated
within this brain tissue extracellularly records the IR drop of potlen-
tial established across the resistance ¢f the brain tissue by the flow
of current outside the active elements. Changes in poltential ars re-
gorded when the electrode iz in an area where the predominant siream
of eurrent is flowing cut of cell membranes (sources). Conversely,
negative going potentials are recordcd when the elecirode is in an
arca where the predominant giream of curvent is flowing inward at the
sites of cell membrane depolarization (sinks)., It must be remembered,
however, that gerc potential cannot be equated with serc current flow.
For example, if the tip of a meonopolar recording electrode is situated

between & source and a sink at a point which iz at the same potential
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as the indifferent electrode, it will not reglster any potential change.
Nevertheless, this pcint may be in very dsanse current flow. Therefors

1t is best to estimate the pattern of current flow by cemparing monopolar
recordings which were made at many different recording loei.

Having thus estimated the diresticn of current flow, it is posaille
to describe potential recordings made at different depths within a volume
of nervous tissue in terms of the distribution of current sinks and
sources in a way which will be meaningful. 4 sink is usually indicative
of activation of neural elements at excitatory synaps@a. Séurn&s which
are present in association with an adjacent sink usually signify that
other portions of the same cells as those being activated are farnishihg
current for the depolarized zone. In scme cases, however, sources and
ginks may indlcate the existense of after-potentials rather than synapitic
activation. v |

The responses studied in this experiment ccnsist of such huge poten=
tial finctuaticns that it may be assumed that they c¢an arise only from
a2 multitude of cells so oriented that sources and sinks arising in differ-
ent parts of the same neuron will summate with sources and sinks arising
from comparable perts of other neurons, This sumsation is most likely
to occur if 1) the duraticn of the potential changes are long and 2) if
the activity is well synchronized-— a relative thing depending upon the
duration of the potential changes and 3) if the neurons are uniformly
orianted and stretehed out in such & way that the parts of neuroms act-
ing as ginks are undiluted by parts of other neurons acting as sources
and vice versa. The brief spike-lilke potentials recordable from axons
and from oell bodies are probably too brief to contribute appreciably

4o the large slow waves, i.e. most of the slow waves prebably do not



represent envelupes of unitary spikes (u8). Thelr origin has usually
been assigned to 13::'94 and post-synaptic potentials and/or so-called
dendritic potentials. The cortical pyramidal cells are gensrally re-
garded as the neuroms which produce most of the large cortical slow
waves by virtus of thelr mmerical superiority, thedr long apiesl
dendrites and thelr uniform vertical orientation. Simllar arguments
may alsc be made for the various types of corticipetal axons since
these structures also are long and uniforuly oriented. The specifie
cortical afferents would seen tu bs especially likely to contribute
largs potentials because of the invariable loeabtion of the massive bushy
terminals in the fourth and lower third layers.

Spikes. It is generally assumed that the great majority of soike~
like potentlals which are recorded with wire microslectrodes from the
cerebral or cerebellar cortices represent extracellular recordings
of the activity of single cortical cglle in the region of their cell
bodies, probably within 50 t¢ 100 microns of these siructures (13, 20).
in must of the present sxperiments 12.5 and 25 micron diameier wires
were ewmployed. However, in two experiments, micropipettes of lese than
ene mioron diameter were used. With both wire and glass electrodes,
gpikes were most abundant in the cortical layers which contain the
largest cell bodies (Laysrs II-¥). When wire electrodes were used, nv
spikes sbove and below these levels could be distinguished with certaine
ty, although the micropipetbes sometimes did reecord splkes beyond these
limits. It ghould be mentioned, however, that ne special attesmpts were
made t¢ lowsr the penetrating electrode by small increments in an effort
t¢ find unitary spiltes since the primary objective in this invesiigation

was that of studying the slow wavos.
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In any experiment in whieh unitary aeﬁvity’ ie examined, the
effeots due tv injury st be clearly distinguished from those due to
physiclogie activity. At every recordin. site recordings of the splke
activity which was present was made only after the obvicus signs ef
injury had subsided (uswally after seversl minutes). The unitary act-
ivity which remained was often sensitive to mechanical peripheral atime
ull tc the skia or fur of the animal and was usually decigively affected
by the repetitive thalarmse stimuli. The fact that these units responded
to physiclogle stimmli such as rubbing fur ebe.s minimizmss the possibile
ity that they were only capable ¢f respunding ephaptieally by virtue
of injury. In the fifth layer it was frequeéntly possible to falinu &
gsingls unit for 20 mdmutes or =0 without any notiesble change in its
behavicr. Vhile it is impossible to say that such unitary activity
is entirely normal, the respomse ¢f thess units to periphersl and thal-
amie stimull favors the belief that the patterns of spike discharges
recorded in these experiments mpc-ez#ex;t patterns of "normal® sctivity
in eorticel neurcns under the conditions of the experiments.

It must be emphasized that in contrast te the inlterpretation ef
alow waves outlined sbove s there is no obvious reason why spikes from
pyrawidal cells should be recorded preferentially te those from other
cells. However, il has been suggested that the size of undtary spikes
recorded extracellularly is related in a general way %o the size ¢f the
cell body of the responding neuren (L8). The experience in this invest-
igation tended to corroberate these findings, especially when wire
elsctredes were used. The lérgaat spikes were almost invariably re-
cordsd at the level of the fifth layer as measured by histclogle control.
Since the pyramidal cells as a group have rather large cell bodles, it
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is reasonable to agsume that many of the extracellular spikes did

eriginate in the-e cells.

The g:éneml appreach taken in the examinstion of the mitary
activity accompenying these respenses was nct focused upon the hehevicr
of isolated cells bubt was directed towerd defindng in a genoral way
the paramsters ¢f the massive regulaticn ¢f whele popalations of units

vhich characterized scme of these glant slow potentlslss

Technimue

The experiments tv be reperted have heen esrried out on well ovar
40 cats. Becanse of the many difficulties in this type of experiment
the data from only 21 cats was thorcughly anmalysed. However, the observe
ativns which were made on the other animals were consistent with thoss
reperted. The surgiecal preparation of the animal was carried out undey
ether anesthesia. The trachea was routingly cannulated and both carotids
were isclated with luose ligabures prior to mounting the head in a
stereotaxic frame, The eranial vauli was eyposed and s=all trephine
holes were made 40 permit the introduction of thalamie stimulating elac-
trodes or mesencephallc eocagulating slactrodes. The senserimetor corbtex
wes exposed through the frontal sinus and the cisterna mapgna was cpemed
by carefully cutting a hole in the dura underlying the atlanto-oceipital
membrane. It was found that deing this procedure early in the experiment
often grestly reduced the respiratory and cardise pulsations ¢ the brain.
Following the surgical procedures, the sealp, neck musclos, auricular
and infracrbital aress were infiltrated with 1 percent procaine cr C.1
percent pontocaine. The animal was placed cn artificlal respirstion
after the administration of decamethonium bromide and wes meintained
immobile at a dose level of 1 mg. repeated every L5 to 60 minmutes after
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the discontinuation of ether. The time necessary for setting up the
remainder of the experiment was suffisliently long for the dissipation
of ether effects te be virtuslly complete. In the experiments requiring
apontanecus spindle bursts, the animals were subjected tc a lesion of
the mesencephalic tegmentum by the use of thermocoagulation produced
by radio-frequency currents. Following thle procedure the animal was
usually ne longer msintained on decamethenium bromide in order that
artificial respiration could be discontinued and thereby ¢me source
of braln movement partially elemsnted. Immediately afier the surgical
procedures a well of Jeltrate was comstructed around the opening
through the frontal simus and for the duration of the experiment the
exposed cortex was kept covered with warm mineral eoil., OUpening of
the dura overlying the fromtal cortex was postponed as long as pessible
in order to preserve "physiclegic® conditicns.

Thelemic stimulating electrodes were concentrically bipolar with
a tip separation of approximately 0.5 mm, and were placed sterectaxi-
cally. Stimilating pulses were rectangular pulses which were slightly
distorted by an isclating (ranaformer. Pulses of 0.08 to 1 msec. durae
tion and two %o five velts intensity were empieyed. The stimulus para-
meters were adjusted so that reliable and reproducible cortical responses
wers obtained. It was gemerally felt that the amplitude of the evoked
rasponses utilizaei should he roughly comparable ¢ those of the spindle
bursts in the cerveau iscle’ preparatioms (500 to 1000 microvolis) and
therefore suprathresheld stimilus intensities were ususlly used. Upti-
mum frequencies for the responses varied gonsiderably from experiment

to experiment bul were in the range of 5-12/see¢. The recraiting response
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generally required lower stismlus frequencles than the augmenting waves.

In erder %o verify the thalamic electrode plamt » histclogle
gontrols wers used. At the termination of each experiment, the head
of the animal was perfused through the left carotid artery with 10
percent formalin in physiclogic saline. The thalamie stimulating
electrode was left in situ for several hours while the brain hardened.
Before removing the brain, the vertical stersotaxic planes were marked
by inserting electrodes at appropriate levels while they were wet with
India inke. The brain was removed, blockad, frozen and secticned at
100 microns. The secticns through areas of diencephalie electrods
tracks were stained with carbol-thionin.

During the experiments, the cptimmm position for thalamie stimie-
lation was determined by monitoring the evoked responses ¢n a milii-
ehmnale&eleaﬁrnendnphﬂnmph {Grass Wodel III), In spindling exper-
iments, the completeness ¢f the mesencephalic lesion was estimated in
this same way, Having established the adequacy of the mesencephalic
lesicn or the thalamic stimulating electrode placement, the responses
as they appeared over the entire sxposed frontal cortex were visually
mapped with a spring-mounted ball-tipped silver wire in order to choose
the recording site which best sulted the purposes ¢f the sxperiment.

Once a suitable spindiing, augmenting or recruiting response had
been cbtained in the preparation and an optimum recording site chosen
in the manner indicated, all subseguent cortical recording was dcne

th either very fine wires or mieropipettes. In the majority of expere
iments, either 12.5 or 25 micrcn diameter nichrome wires were employed.

These were insulated with enamel except at their tips. The 12.5 mleron
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wires were more satisfactory for the recording of slow waves since
they dimpled the cortex much less during initial penetration. How-
aver » in general, the unitary activiiy was more casily visualiszed with
the 25 micron wires. This may be dus to greater injury produced by
the large wires or it may be that the larger electrode tips are able
te record unitary activity from a much larger volume of cortex. In
crder ta.mle out the possibiilty that the use of wires of this size
was glving unrelisble results because of excessive damage, very fine
mloropipetbes were @mpl&yéd,as the penstrating electrode in twe expere
imente. These pmambly had a tip diamster of less than c¢ne micron.
(Resistance was 20 meg. when filled with 3 ¥ XCl and measured in normal
saline.) The resulis obtained with the micrupipettes were comparable
te thoge w}z;%.éh were obtained with the wires. The surface dimpling
produced during the entry of the mlcropipeties inte the cortex was
comparable to that caused by the 12,5 miercn wires, at least to visual
obgzervation through a dissection microscope. Because the am:litude of
the spikes was largsr and isclation of individual units was more common,
the unitary activity recorded with the mlcropipettes was easier to
evaluate than that seen with the wires. Howsver, the general features
of the unltary activity as reeorded with the micropipettes was compar-
able to that obtained with the wires. The wire micme:hc%ﬂdel were
used in the majority of experiments because 1) adequate facilities for
using micropipeites were not available during the pericd of time in
which most of the experiments were carried out, 2) identification of
the reecording site was easier with the wire electrodss because of the

opportunities for depositing stainable metallic ions in the tissue,
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3) the parallel walls of the wire eisctrode shafts caused no further
dimpling with pensiration after the tip entered and L) even at record-
ing sites which were 2 t0¢ 3 mm. from the cortical surface, the diameter
of the part of the wire slectrode in the superficial layers was still
relatively small and therefore produced less damage tc the superficial
parts of the eorta:i than did the expanding shaft of the tappered micro-
pipeties. In all experiments, the surface menitoring clectrods was a
25 micronm wire. This kind of electrode was employed in an effort o
minimize distortion of the cortex and to obtain surface recordings
very close to the penetrating electrode in order t¢ sample as nearly

as possible the surface responses of the columm of cortex from which
the penstrating elecitrode was recording.

The positioning of the penstrating electrode was accomplished with
& very high degree of precisicn by the use of a Leits microemanipulator.
The surface monitoring electrode was placed by means of a micrometer
driven manipulator fashioned frum a discarded Ranson sterectarxic instrue
ment,

Both surface and deep recordings were displayed on escilloscopes
driven by matched, diiferentiating preamplifiers., lhen micropipsttes
were used, a cathode follewer preceded the input stage of the preamplifier.
Visualization of unitary activity was facilitated by imserting a 0,005
to 0,0005 microfarad condenser at the input of the preamplifier in crder
to attenmate the slow potentials. /1L recordings were menopolar, the
reference slectrode being placed on the neck mscles, scalp margins or
the sterectaxic frams,
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In order for any reliable correlation to be established bé’i}%@n
the potentials recorded during the experiment and histologie features
ni‘ the cortex; it was absolulely essential that accurate depth measure=-
ments of the recording electrode be made., There én a number of
sourses ¢f errer in depth measurement. (ne of the most sericus is the
dimpling of the cerﬁe# wiich oceurs wiﬁh the entry of the penstrating
electrode, This is greatly minimized if the plarachrcid is removed.

This was accomplished elther by digestion of the membrane by wcrystals
of trypsin or else by careful dissection of the pia using sharpened
jewéler *s foreeps. OUnce adequate siill had been acquired, the latter
method was used almost exclusively. It was found to be somewhat easier
Yo visualize the pla if the cortex were kept covered with warm mineral
oil during the dissection. The surface responses were always compared
bafam and after dissection of the pia in order toc detect gross signa
of cortical damage which might have resulted from the trauma of the
disseetion.

Hany diffieunlties ¢f a mechanical nature vitiated the depth measure-
ments. Many of the animals with mesencephalic lesicns develcped cerebral
edema during the course of an experiment. In scme instances tuis was
relieved by ventriculostoumy, but in others ¢his maneuver failed to arrest
the swelling. Restrletion of the mesencephalic lesion and the exercise
of extreme care when surgicel manipulations were performed around the
superior sagittal sinus were measures employed in an attempt te reduce
the ineidence of this complication. Recause of the nature of the experi-
ments, even the slightest amount of edema whish displaced the cortex

only a fraction ef a millimeter was incompatibvle with the completion of



an experiment. Another difficulty encountered was that cardiac and
respiratory pulsations of the brain were scmebtimes uncontrolled by
cisternal drainage. However, cortical restraint in the form of a
plastic plate with & hole in it was used in only one experiment. In
general, if pulsations persisted, the experiment was terminated in
view of the fact that it was very diffiecult to evaluate the degres to
which any form of restraint would interfere with the blood supply to
the coriex.

In an experiment in whieh responses at different depths are
compared, it is esseﬁtial that the respcnses remaln as nearly as
possible absclutely identical during the recording procedure. For
this reason, cnce & penetraticn had been started, an attempt was made
to c@mpleﬁe the series within a reascnably short time (1-2 hrs.). It
is partly for this reason, that unitary activily was sampled at reg-
ular depth intervals rather than handled as a study ¢f the behavior
of single units.

At the termination of each penetration, the bottom of the eleetrnﬁe
track and several additional points at measured depths from the surface
were marked by depositing nickel ions (20). Current was passed for 20’
sec¢. at 5 microamperes. Followlng the intra-arterial perfusion of
formalin and removal of the brain at the conclusion of the experiment,
the brain was allowed to fix in formalin for several days. After this,
frozen cortical sections were cut at 75 microms (57). These sections
were later trested by the Terman-Schmeltzer technique (20) te precipitate
nickel i@nﬁ and were then stained with Pyronin Y. In the eompieted
slide, the nickel ferricyanide precipilate was seen as a green bulls

eye against the red Nissl stain. The central deposit was taken as the
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tip of the electrode.

In most expsrimants, the difference between the depth of the
recoerding electrode as measured by the micromanipulator and that mease
ured from the histologic sections was within 50 microns. In those
few experiments in which the discrepancy between these two forms of
depth measurement was arcund 100-200 microns, there was usually evi-
dence of sﬁrikimg or swelling in that the distances between the differw
ent cortical marks wers all greater or less than that indleated by
the mlceromanipulator when the marks wers made. From the measurement
of these distances between marks it was possible to compute a shrinkage
or » swelling ratic, The confidence with which this method of depth
measurenent was used was gsupported by the freguent striking correla-
tions between the depth of appearance of the largest unitary potentials
and the histologle boundary of the fifth layer., The major limitation
of any technlque of this sort is that the identification of the cortical
layers is such a subjective matter.

Permanent reccerds of the eseilloscoplieally displayed responses
were made by photographing the excursions ¢f the cseilloscope beam, which
was stationary along its time axis, on continuously running film. The
35 mm. £ilm recordings were projected for examination with the aid of
a phamgt-éphic enlarger. Measurements of time and amplitude were made
directly from the projected image in scme lnstances or from peneil
tracings of the Ilmage. In corder to fecilitate comparisons ¢f time and

amplitude relations, superimposed tracings ¢f many waves have been made.
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RESULTS

Slow Waves

Augmenting response
In their originsl deseription of the augmenting respense (30, 31)

Dempsey and Morison distinguished sharply between this response and
the response to single shock stimulation of the specific thalamie
nuclei, the primary response. The differences between these two re-
sponses are illustrated in figure 1. These sre tracings of the re~
aponses to successive shocks to a specific thalamic nucleus. The
ﬁraﬁ response is the primary response and consists of three compo~
nents: @ spike-like surface positive deflection(l) which is almost
eontinuous with the stimulus artifact, a second positive or mnegative
deflection(2) which has a latency of 0.5-0.8 msec., and a prolonged
ncgetive going deflection (3). The importamt point is thet component
1 of the primary response remains the same or vecomes reduced in ampli-
tude with 8-12/sec. repetition of the thalamic shock. In the response
illustrated, it heas virtuslly diseppeared with the second shock, With
stimulation at this frequency, a later positive-negative se@uema
develops (4~5) and reachés enormous proportions after only two or three
shocks, With a very long train of shocks it tends to imne only slightly.
The positive deflection has a latency approximately .ef;ual to that of
the second and third component of the primary responte. The so-called
augmenting response may be cbtained by :tizrsﬁlaticn of the thalamms, the
internal capsule, the medial lemniscus and sr_iggestiom of it may be
seen when a periphersl nerve is repetitively stimulated (31). The pri-

mary regnonse is locelized to a smaller cortical sres than the augmenting



FIGURE 1

Comparison of the surface configura~
tion of a primary response with that

of augmenting »esponses. Tracings of
oscillograph records derived from a
monopalar elsctrods un ths pesterior
sigmoid gyrus. From above downward,
the firet four responses to &/sec.
threshold stimulation of n. ventralis
iateralis, The first response is the
primary responss and the next three
responses are augnenbing responsaes.
Hote the disappearance of component

1 of the primary response in the subsew
quent responses. See description in
text. In this and all subsequent
figures, upward deflection indicates
negativity of the active elecirode in
comparison with the reference electrods,

(i=15~57)
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response and for any given thalamic stimulus, cortical ereas can be
found from which each response is recordable without the other (30).
The response illustrated is representative of the type of response
sf:;u@‘l:{ in the sglegt;cniof recerding sitgg if; these experiments. The
advantage of this is to be found in the fact that the large amplitude
augmenting responses are virtuelly uncontaminated by the primary re-
sponse, Thus most of the experiments hsve involved recording from a
cortical sone outside of the primary receiving area related to the
;mnt stimulated in the thalamus,

Most of the thalamlic stimnlating sites were elther in VFL or in
the adjecent portion of the internal capsule, For these placements,
the largest snd purest sugmenting waves in the paracruciate ares were
ususlly obtalned around the post-cruciate dimple. This particular
srnot is idesl for studles of this kind because of the slight concavity
of the cortical surfece and the presence of a large ertery in the
divple which grestly facilitates dissection of the pla. lMost peneira-
tions at this particulsr site seemed to be perpendicular to the cort-
iesl layers and hence probably parallel to the axes of the pyramidal
cells. In order to isolate the effects of superimposed trisgered
eyelic waves (17) relatively long trains of augmenting res onses were
uaed. In aimost all exveriments the responses malntained a large
amplitude even with very long trains of stimli and showed little
fatigue when repeated trains of stimull were delivered in close suc-
cession. In some preparatiocns and perticilarly when threshold stimuli
were utilised, the early responses (roughly the third through the
twelfth in the train) showed a much larger amplitude than the later

waves. In cther words, it a;peared as if a burst of triggered cvelic

25
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waves were reinforeing the evoked waves. Hevertheless, the potential
distributicn with respect to depth was comparable in both the early

and lste res onses so that they will be handled as a unit in the follow-
ing deseription,

A iypical rQs@ziée to repetitive stimulation of VPL as seen at
different depths within the cortex is illustrated in figure 2. This
was recorded from a gzone in wiich the primary resuvonse was not very
well developed. The striking features of the response taken as a
whole are these: the response at the surface and through lsyer I is
a positive negative sequence., In layer II, the peak time of these
phases hag shifted slightly earller and & late positivity has bacome
arparent. By the third lairar, the response has become initially neg-
ative with an afterepositivity. As the lower third snd fourth laysra
are entered the negative going deflection rises earlier and the crest
of the negetivity is thereby broadened. The same general pattern is
maintained dowm into the £ifth and upper sixth layers with a gradusl
decrease in the &a;tslitude of the initial negativily. E‘;*i;lz:z.ﬂ the sixth
lgyer the initial negativity again becomes more peaked as it becomes
progressively smaller and sneller in amplitude, Assoclated with this
decline in smplituda of the initial negativity, the after-positivity
becomes more and more prominent. The chenges are indicstive of the
developient of a large sink which reaches its maximum =t sbout 10 msec.
and extends roughly from the third through the f£ifth cortical layers.

Another way in which these changes may be visualiszed is by graphing
potentisl against depth for a series of points in time. This type of
graph is illustrated in figure 3. The ordinates are potential and the

sbscissas represent depth expressed both in terms of corticsl layers



FIGUIE 2

Augmenting responses reccrded at dif-
ferent cortical depths. Tracings of
oscillographic recordings made with a
12,5 micron nichrome wire during a
single penetration in the posterior
sigmoid ares. DFach tracing was taken
from the largest response occurring
during a single train of responses
initiated by stimulation of n. ventralis
posterclateralis with suprathreshold
shocks at 10/sec., 0.08 msec., The
depth of the electrode tip at the time
of recording is indieated to the left
of each tracing., The responses are
arranged in two columns in order of
progressive depth. On the right, the
depths of suecessive recordings are
indicated in relation to the position
of the cortical layers as they were
identified on the histclogle control,
On this scale, solid horizontal lines
represent easily identified boundaries
between cortical layers and dotted
horizontal lines indlcate indistinct
boundaries., The changes in configura-
tion of these waves with depth are
described in the text. CUomponents a
and b are indicated in this figure by
small letters, Time and voltage cali-
brations are indicsated at the bottom
of ths figure.
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FIGUEE 3

Depth-potential distribution of the
responses illustrated in figure 2 at

a sguccession of points in time. The
ordinates are woltage., Bach individe
wal graph represents the potential
difference between the active and
indifferent electrodes at the indicated
time after the stimmlus and at a serles
- of different depths. In each graph,
potential difference is plotted verti-
cally, negativity of the recording
slectrode above and positivity below
the sero line. Uepth of the recording
electrode below the surface is indlca-
ted in millimeters on the lower hori-
zontal ordinate and in terms of
cortical layers on the upper horizon-
tal ordinate. The light vertical
lines indicate the boundaries between
eortical layers. The entire fipure
thus deseribes the changes in depth-
potenitial relations at 5 msee. inter-
vals following the stimmlation. The
graph for 5 mesec. shows the develop-
ment of sink peaking at the level of
the fourth cortical layer. At this
time layers I and II are serving as
current sources. Succeedlng grachs
show the aceent of this sink toward
the cortical surface and finally its
progressive decay., (8-19-56)
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(top of figure) and as depth in microns (bottom of figure). The points
i time selected for these depth-potential graﬁ};hé are indicated for
each individual graph. The graph at five msec, shows the detribution
of the initial sink with its pesk at the level of the fourth layer.
Mﬁ ten msee, bhe sink has broadened to encompass the third layer alse.
The next series of graphs up to about forty msec, shows the slow ascent
of this sink toward the cortical surface and then its decay in the mole-
culer layer, In all graphs, this sink is bounded by socurces. In this
particuler set of graphs, the later pétential fluctuastions are small
by comparison with the striking early changes. From graphis such ss this
and from observations made at very small depth increments, it appears
that the surface negebivily represents the arrival at the su-face of
the gink which was initisted in the dee.er layers.
The progressive ascent of this sink can be summarized in 2 different

fashion {see figure L), The onset time of this sink (arbitrerily teken

as that time st which the tracings cross the O potential line before
becoming negetive to the indifferent electrode) can be grached as &
function of depth in laycrs. Graphs of this sort are shown in the w.per
helf of figure L, The same kind of graph can also be made for the peak-
latency of this sink (lower half of figure). The graghs for the expiri-
ment wiich has been illustrated in ﬁgures ? and 3 is shown on the left

in figure L and composite graphs for this and five other experiments
sre shown on the right. The curves in the two composite graphs exhibii
congidersble uniformity. The depth-cnsed curves indicate that all of
the sugmenting reépmaea are chsrscterized by an initisl deep negativity
which has a very early onseb., Other porticns of these curves show more

varistion. The inflection in both trpes of curves ocours somevhere



FIGURE 4

Time to onset and time to peak of the
intracortical sink as related to depth
during augmenting responses. The
graphs on the left side of the figure
are taken from the experiment whilch
was illustrated in figures 2 and 3.
The graphs on the right side of the
figure are composite graphs of 6
similar experiments, The individual
tracings are coded in terms of the
date of the experiments according to
the key at the bottom of the figure.
The ordinatas represent depth and the
abseissae represent time, The onset
time of the sink was arbitrarily taken
a8 the time at which the recordings
erossed tihe zero potential line in
the direction of increasing negativity.
The depth~onset curves indlcate that
the sink develops Imusediately after

the stimulus in the third and in
deeper layers, and progressively later
in the more superfiecial layers, sug-
gesting tanat the activiiy underiying
the sink i3 conducted upward frow its
origin. Ihe composite depth-peak
latency graphs of this ascending sink
divide inte two classes in the fiftn
and sixth cortical layers.
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betueen layer II and the u.per berder oi layer V.

it should be pointed out quite emphatically that the boundaries of
mony of these corticel layers are gulte indistinet and that slthough
layers I and V sre usually well demsrcated, the intervening layers are
actually of questionsble identity even in the best of histologic prep-
srations {67). The important thing sbout these graphs is that the
initial inflection of these curves ususlly oceurs scmewhere roughly
nalf way between the upper Lorder of the fifth layer mnd the lower
border of the first layer, It has been pointed oub (8) that the so-
called "reverssl point® for the primary response agy vary with the size
of the recording slectrods, generally being uigher when very fine
micropipettes ave used. In the present experiment, only slight differ-
gences in the depth of the infleotions of these eurves were noted even
though electrodes with tips as large as 25 mu and as amall as 1 mu or
less were employed in studying the suguenting vesponse.  Although the
boundaries of layers 1I through IV :afe very diffiendd if nob impossible
4o make out in this particular corticsl ares, composite depth latency
prachs based on the rather subjective estimation of layers showed mach
more somzruity than those based on sbsolute depth in microns. Fxplan-
stions for this are the obwious variabions in depth of layers in differ-
ent animals end at different sites in the same unimal, and slso the fact
that many electrode pemetrations were not perpendicular to the cortical
layers. For these reasons it was felt that these relations were vest
summarized in terms of depth by layera,

| Ope item in figure L is of specisl interest, The curves in the
composite depth: peak latency graph divide imbo two distinct classes

in the deeper cortical leyers. This divergence suggeste thet the deep



sink may actually be formed by two elerents each of which should be
jdentifisble in some vesponses. Such & doucle deep negativily
appeared iu the responses illustrated in figure 5. In the recordings
from the third and fourth layers, the inltiasl negatieity did indeed
have two humps which are labsled a and b. Yeak 3 sorregponds to the
esrliey clase in the composiie graph and pesk b corrvesponds to the
later class. In gome responses & pmdminat.ad and in obhers & pre-
dominated, When peak b predominated as it ¢id in the records shoun in
figure 2, 1% could be seen to decrease In amplifude in the fifth and
sixth layers. However, whan pesk g predominated ss illustrated in figure
5, it suffered very little attemation in the deeper curticsl lsyers
and white matter. On the cther hand, if deflection b in figure 5 is
followed down through the fifth and sixth layers, it is seen to decresse
marikedly with depth. the deep layers znd white matter, this deflec-
tion is only evident as a discontinuity on the lster phases of vhe

b of T TN |

S0 fer, little mention has besn made of the leter phases of the
sugmenting response. Thsse were of rather small anplitude in the ree
sponses illustrated in figure 2 but heve sssumed rether large propor-
tions in the respr;mée illustrated in figere 5. In this latter figure
f;ha svrovs demarcste a sequence of potentisl chunges w ish is most cope
splouous in the deep cortical layers and white matter in the form of &
late positive-negative component. This complex was usuelly correlsied
with the sppearance ’@f a mgatiw~pesitive wave in the surface records
(slso demarcated by srrows) which sesmed to ride on the crest of the
gurface negativity of the augmenting response., In figure S it is very

difficult S0 troce out the changes which it shows in the uw-per corticel
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leyers because it still rides on the negativity of the earlier compoe
nents. ' However, by the third layer it appears as if the surface
nepabive-positive complex had reversed and been added slgebraically
to the basic pattern of the augmenting response. It is noteworthy
that this component maimtains about the same amgitude in the white
matter recordings.

Responses of the type illustrated in figure 5 suggested the possi-
bility that the late phases of the augmenting response may not alvays
répmﬁmt a simple continuation of the neuronal events responsible
for the earlier and more constant electrical changes. Rather, in many
instances it seemed as if the late phases might be produced in part by
an event which was entirely different from that producing the earlier
waves. The records of figure & offer support for this possibility,
The responses in this experiment were unigue in that at a single stim-
ulus site and with constant stimulus parameters, the siuw waves ghowed
a great deal of variation both in amplitude and in configuration, even
within & gingle train. In each of the pairs of tracings from this exe
periment; deep and surface responses are compared. The varistions
shown were not confined either to the third or fifth layers but simgly
harpened to be most clearly illustrated in the resordings from these
layers. In the upper palr of trscings the center response is of larger
amplitude than those on either side and is smooth and diphssic in its
contour both at the surface and at the level of the third layer. It
would appear that in this case, the incressed amplibude of the surface
af'ter-negetivity snd the corresponding deep after-positivity were the
result of the increased intensllty of the activity represented by the

preceding component. However, in the lower pair of tracings which



FIGURE 6 (Above)

Couparison of sarface and deep augmenting responses
from an experiment in which the wave configurations
showed marked wvariabllity. Upper tracing of each
pair (taken from oseillographic recordings) shows
surface responses; lower tracing of each pair shows
desp responses recorded simultaneously with a 25
micron wire. Recording locus, postericr sigaoid;
stimulating site, n. ventralis posterolateralis.
The selection of these variations does nmot imply
that they are characteristic of the layers repre~
gented. The records chosen illustrste clearly the
dual nature of the deep after-positivity. In the
upper pair of tracings, the center augmenting wave
is of considerably larger amplitude than those
preceding or following it. Hole the enhanced deep
initial negativity (with the appearance of unitary
activity on its crest) and the correspondingly
increased deep after-positivity. In this case,

the pheses are continuous, In the lower palr of
tracings, however, the center response shows the
addition of & sepsrste surfsce negative~positive
sequence and a simultanecus deep positive-

negative seguence. In this case, the early deep
negativity is not enhanced. Stimulus intensity
suprathreshold, 1 msec, pulse durstion, &/sec.
(8-8-56)

FIGURE 7 (Below)

The first four waves in a train of augmenting
responses as recorded from the white matter dur—
ing 8/sec. supramaximal stimulation of n. ventralis
rosterolateralis. The photegraph illustrates the
progressive development of the sharp initial deep
negativity which was labelled gomponent a in fig-
ure 5. This first component is clearly seen to
grow progressively in amplitude with the repested
thalamic shocks, (6-26-56)



35

SURFACE

750

SURFACE

e A

Surface] 1004V
|[Omsecs
Ly Deep | 10044V

5000V

[Omsec



L
{59

shows surface responses compsred to responses recorded in the fifth 1 yor,
an additional elesent has been added onto the basic pattern in the cemter
response. It appears as a late negativee-positive sequence at the surface
and as a concomitant deep positive-negative wave in the fifth layer
‘vegordings, Therefore, there are two kinds of deep after-positivities
shown in these records: 1) that which directly follows the deep neg-
ativity end varies in amplitude in a direct wey with the earlier ?haae
and 2) another deep positivity which does not vary direetly with the
earlier component. In wost experiments, this second component was very
difficult to identify because of smooth summation with the esrlier wave.
Because z%f the similarity of this additional component to thev predom=
inant wave form in the reeruiting respomse (see below), it may be described

as a "reerulting like® companent.

Interpretation. Componment a, The most veasonable interpretation of
comnponent ’a is thet it represents some mmii‘estatimh of the afferent
volley. Unfortunately, the presence of the primery response in mosb
regords uhich show compenent & has prevented the detailed analysis of
the sarly phases of this component snd the presence of component b »
cbliterates its later pheses. If gomponent & represents the thalamoe
cortical volley in the afferent axons themselves, one would expect that
1% would be preceded by a prodromel positivity and followed by a metas
dromal positivity except in the regions of its terminations. The fact
that compenent a decrements very little as the white matter is entered
favors this interpretetion of component & as the afferent volley. Another
possibility is thet it represents electrotonic spread of pre-synaptie
potentisls along the offerent axons ln a mammer analogous to the dorsal

root potentisl in the spinal cord (51). The fact that component & is
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not getecteble ebove the third ley-r is consistent wibh the probebllity
that the type of afferent fibers involved are predominsmtly “specific
éart.ina}". afferents® of a type similar to those medisting the primary
TeSPONSe.

1f component 8 does represent the affersut volley; then it is of
interest Lo cxamine the development of this component during the early
part of & train of augnenting responses. Flgure 7 illustratea the be-
¢inning of a train of sugmenting responses as recorded from the woite
natter, Component a is the initisl, sharp negatlvity. This compenent
clearly waxes during these early resyomses, This suggesis that the
cortex ig the recipient of prosressively larger end larger sfferent
volleys during the wexing vhsse of the burst. Therefore, it wonld seem
that the "augeentation® is not strictly a corticel phenomenon but mey
be it part thalamic, Actually, this possibility hss beer supported by
mch more dirveet evidence, Dempsey and Morison {31) cbserved that
augrentation cccurred st the thalamic level in decorticate preperations,
b stimulation of the intemsl capsule in thalamectomized snimals failed
to produce oorticel sugmenting responses.

Component b. The pesk designated as component ! is much more likely
to represent postesynaptic events. It has 1is greatest amplitude in
the very eellulsr mméi@ cortical layers in which almost all of the
unitary activity wes visualized (see below)., Farthermore, it is tempor-
aliy eoineldent with this unitary setivity. This fact can be sppreciated
in figure 2 and 5 since signs of unitary activity are detectable in the
third end fourth layers s o thickened baseline or fuzz on the crest of
this necative wave. The crest of component b is alsc timed with the

relayed pyramidsl volley which sceompanies these waves sincs both
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events are coincident with the initial positivity of the surface
recordings (19). The fact that componsnt b is accompanied by a
surface positive deflection suggests that the superficial exten—
sions of these cells are serving as potentisl sources for the deep
sink in the region of the cell bodiss. All these temporal correla-
tions point to the involvement of the pyramidal cells in the produc-
tion of component b.

The late "reermiting-like" component. Because this component 1s
rarely seen in any degres of isolation from eariier elements, it is
extremely difficult to interpret. As will be apparent later, nhowever,
it bears many similarities to the recrulting response. Perhaps it
represents contamination by recruitment. This is particularly likely
in responses to stimulation of the internal capsule. (In some experi-
ments in which good sugmenting responses were cbtained with very low
intensity stimulstion of VPL or VEM, this “recruiting-iike" component
was very poorly devsioped.) Other explanations for the presence of
this element are 1) thet 1t is due to indirsct activation of the re-
eruiting nuelel wia the connections from specific to unspeeific nuclei
or 2) that it rspresents activation of unspecific afferenmts which orig-
inate in these specific imelei. Both of these last two possibllities
are consistent with the snstomical data of Hauta and Whitlock (60).

The ascent of the sink. The ascent of the sink, which first develops
in the third and fourth layers, toward thevaortical surface is similar
although slower in its time course to that which has been described by

other investigators for the primary response (24, 46) and for the anti-
dromic response to stimmlation of the pyramidal tract (23). Iits origin
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in these waveforms has been ascribed to antldromic invasion of the
apical dendrites (2L, 23, L6) or to dendritic post-synaptic potentials
produced by activity in recurrent collaterals of pyramidal cells (65).
Allowing for greater temporsl dispersion, these same explanations

might also bs applied t¢ the ascending sink encountered in ithe augmente
ing response. An alternative t6 these explanations is that it rep-
resents activation of superficlal structures via an ascending multie
neuronal chein of neurons (9).

Compariscn of the augmenting response with the primary response.
The records which have been pressented hear remarkable similarities, exw
cept for a slower time course, to those which have been cbtained by
similar techniques in studies of the primary respomse (63, L6). As
with the primary response, the potential distribution with respeet to
depth strongly suggests that the cortical augmenting responses are
initiated by activity arriving over the specific cortical afferents.

If both primary and augmenting responses are in fact mediated by this
kind of corticipetal fiber, then what accounts for the differenses in
the primary and augmenting responses?

Une explanaticn to be considered is that the primary respense ine
volves the direct activation of this type of afferent and the augmenting
response involves the more indirect activation of the same kind of
afferent. The identical population of afferents are probably not ine
volved since the cortical distribution of primary and augmenting re-
sponses at a given thalamic stimulating site is different even though
there is seme overlap (30). The indirect pathway which is activated
in the sugmenting response would presumably include thalamic inter-

neurcns and cortico~thalamic feedback. Dempsey and Vorison
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have presented conclusive evidence supporting the essential participation
of thalemic mechanisms in augmentation (31) (see sbove), The primaxy
response, however, can be produced vy direet stimulation of the internal
capsule when the thalsmms has been destroyed (31)., This line of reason-
ing leads to the supposition that the differences in amplitude, time
course and corticel distribution between the primary and augmenting
responses are dependent upon these additionel thalamic mechanisms which
are necessary for the ap?earlnce of the augmenting response., These
additional thalamic pathways, hovever, appesr to activste a glightly
different and considersbly larger population of the same kind of |
afferent neuron as those directly exeited by the stimulating current
wiieh gives rise to the primary response, The fact that Broolthart and
zamchetti (19) found that some primery responses were assoclsted with
‘alterations in cortico-spinel responsiveness similar to but less pro-
nounced than those associated with augmentsbion suggests again that these
are primerily guantitative differences as far as intrascorticsl mechan-
isms sre concerned.

There is, of course, the alternetive possibility that there muy be
definite differences in intracorticsl mechanisms underlying the primary
and angmenting responses which sre not easily detected by the techniques
employed in the present study. For example, all of the speeific cort-
ical afferents may not termnete in the same way, Some may coaverge on
one type of cell and others on another. Some may comverge on call bodies
of cortical cells snd others on basel dendrites. The possibilities for
the existence of differences which are beyond the resolution of presemt

technigues are nearly limitless.



Feorpiting response

" The present observations were confined to those reeruiting re-
sponses evoked by repetitive stimulation of the midline thalmsic muclel.
They were recorded on the anterior sigmoid area w&wn these responses
are particularly well developed (37). The adherence to strietly mid-
1ine sbimnlation is besed gpon the probability that these responses
sre lesst likely to be contaminated by sugmenting regponses as tie
result of stimulation of fibers of passage from the specific eystem
{60), As with the sugmenting response, long treins of stimuli were
smployed in an attempt to diffeventiate the effects of superimposed
niprizpered cyclic waves®, In conbrast with the augmenting waves, there
often appeared to be a marked difference in configuration between the
esrly and lste responses (see figure 10).

& typleal reernibing regponse is illustrated in figure 8. It is
obvious that the changes in potential with respect bo depth are striking=-
iy different from those encountered in the sugmenting responses The
differences between sugmenting end recruiting responses are r@s‘fa strik-
ing in the deep layers of the cortex where the phase sequence of the
two reaponges is exactly o posite. In augmentationg the deep layers of
the cortex showed a negstive-positive diphasic potential change end in
t,hesﬁ regords of the recraiting response, the configuration of the deep
responses is primarily s positive-negative sequence. In the recruiting
reespmseas shown in figure &, changes from the surface configuration =re
spparent even after the electrode had been lowered only one hundred
microns intc ﬁha cortex. A% this level the initisl positivily had
- glready grown in amplitudes As the recoerding elecctrode penetrated the

different cortical isyers, the changes of potentizl were conbinuous
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rather than abrupt, The initiel positivity became progressively more

and more prominent with deever penetration until the response was pre=
dominantly p@éitive in sign. The deep responses were characteristically
larger in amplitude than the surface responses. The deer after-negativity
varied in its smplitude from experiment to experiment. In some penetra-
tions, a constant discontinuity between the deep positive and negative
phases could ve discerned. In other experiments, the deep after-negativity
was almost gbsent,

The same technd jue of graphic presentation of potential-depth~time
relations which was utilized in the snslysis of sugmenting responses may
also be utilized with respect to recruiting responses, Such graphs are
presented in figure 9. This data is teken from the same experiment as
that in figure 8. Figure 9 is comparable in every way to the graphic
presentation in figure 3 on the sugmenting respcnse except that time
intervals of 10 msec, rether than 5 mscc. were chosen, During the first
20 msec. the cortex is almost isoelectric i.e. these are falrly long
latency responses at all cortical depths, Then, at asbout 3C msee. the
cortex as & whole becomes  ositive with the greatest positivity appeare
ing in the deepest layers and in the white matter, Superimposed on this
gencral cortical positivity there develops a very superficial mgativity
at 4O through 5C msee. Detween 50 and 60 msec. there is a very sbrupt
change in the graph and at 80 msec. the whole cortex h:s become negative
with the greatest negativity asppearing in the de'ép layers and in the
white matter. This deep negativity gradually subsides over the sube-
sequent 30 msec. (The small humps and troughs seen in these graphs
were not constant from experiment to experiment.) Most of these graphs

show rather constant transcortical gradients which do not exhibit a



FIGURE 9

Depth-potential distribution of the
responses illustrated in figure 8 at
a successlon of polints in time., The
form of presentation employed in this
figure is identical to that which was
used in figure 3, with which this
figure should be compared. MNote that
10 msec., intervals rather than 5 msec.
intervals are graphed. The changes
in cortical potential gradienmts with
time are described at length in the
text. The small deviations in these
curves were not present in similar
graphs made from other experiuwents.
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decrease of potential at the cortico-white matter boundery. In fact,
they often c-ntinue to increase down into the white matter. Supers
imposed on the early cortical and white matter positivity there arpears
& more sharply lecalized sink in the most superficial cortlicel regions
which is most clearly seem in the graph ab 50 msec. This superficisl
gink is the one element in these graphs which most clearly seems to

be localized to the cortex.

In some of these responses there was an initially negative deflece
tion in the middle cortical layers which preceded the predominant deep
positive-negative seguence. when present, this early deep negativity
vas usually much more prominent in the early G-15 in the train) responses
than the later, smaller respomses. Figure 10 shows swerimposed tracings
of the early (E) and late (L) recruiting responses in ocne series. The
initisgl deep negativity in the early responses is marked by arrumi directed
at the discontimities between this added complex snd the underlying poten-
tial sezquenm.v In the tracings of the early waves it can be seen that
this inmitiel deep negative phase is largest in the third, fourth and
aoper fifth lasyers. By comparing these potentials with the superimposed
traeings of the smaller amplitude lster responses, it is clear that the
predmminantly deep negative component has been added -J.gébraicall;r to
the basic underlying deep positive negative sequence. Decesuse of this,
the initial positivity hss been reduced in the responses from the early

part of the train.

The surface regording of the early recruiting responses revesls that
this injitiel deep negativily is sccompanied by an inmnapiéuaus ‘mt.
nevertheless disecernible surface positive-negative sequence which rides

on the negative going deflectlion of the underlying reerulting response.



FIGURE 10

Variations in recruiting waves recorded
during early and late sortions of a
stimalus train., Each column of super-
imposed tracings represents potential
changes recorded at wvarious depths in
the anterior sigmoid gyrus as indicated
to the left. Column £ represents
responses recorded early (3th to 15th},
Column L responses recorded late (20th
to 30th) in trains of stimli delivered
to n. interventralis and n. ventralis
medialis (0.5 msec., 6/sec.) Note

that the fundamental recruiting pattemrn
(see figure 8) appears during the late
waves only. In column E, the small
arrows are directed at discontinuities
which delimit temporally components
which are present in early responses
only. These added components distort
the fundamental recruiting pattern
through the addition of potential
sequences which resemble those seen
during augmenting waves. HNote that

the initial deep negatlvity of the
added component is most prominent in
the fourth and upper fifth layers of
the cortex. (1-26-56)
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Thus it would seem that this added component is similar to the basic
patbtern of the sigmending response in two respects: 1) st the suriace
they both appear as & diphasic positive-negative wave, 2) in the depths
of the cortex, they are predominantly negative in sign and have their
greatest amplitude in the third and fourth layers, This added compo-
nent in the augmenting response may therefore be deseribed as an

" angﬁenting«-liké camuonent? ,

Interpretation., Dasic psttern. Considering the basic pattem of

the recruiting response as described in the discussion of figures 8 and
9, the events underlying the charecteristic potentisl changes may be
divided inte those which are probably inmtracorticel in origin and those
which more likely reflect subcortical activity., The superficisl sink
which was most prominent at sbout 50 msec, seemed to be well-demarcated
b;,f; the source balow andr therefore pro.ably does represent activilty ordg-
inating within the soperfieial cortical regioms, Other investigations
in which cortical responses to stimulation of othor portions of the
diffuse thsalawic projection syste were examined (7hy L7) have revealed
a sink which extends into deeper corticel layers than is the case with
these responses to strictly midline thalamie stimulstion, It may be
that the corilcel terminstions of the axons mediating the responses to
midline thalamic stimulebion are more superficlal than those from the
rest of the system.

The cther more continuous potentiasl gradients which were described
may be primarily reflections of activity in subcortical structures. This
ig more likely in the case of the early (30-50 wsee.) deep positivity
than for the late (60~50 mses.) deep negativity since the latter scme-

times decressed in amplitude as the white mastier was penetrated by the



L8

recording electrode, There is the possibility, therefore, that the
deep after-negabivity represents sctivity in the deep part of the
ecortex, This mgy origlnste by downward conduction of activity repre-
sented by the earlier superficisl sink,

Altogether, the cortical potential cnanges sssociated with éeﬁmﬁ.t—
ment ere much more difficult to interpret than those in sugmentation.
The fact that most of the cortical gradients in recruitment fail to
show the sharply defined sinks bounded by sources w .ich were so easily
detectable in augentation, favors the hypothesis advsnced by Ajmonee
Marsan (7) that the potential configurations assoeiated with recrulte
ment actually represent the overlapping of two potential fields; Probe
ably both cortical and subcortical activit) contribute to these gradients.
With the exception of the paper of Verszeano, Lindsley and Magoun (7L see
introduction), most investisators have found that rather large recruit-
ing potentials may be recorded after sblation or functional depression
of the cortex (10, 17). The waves which remained have usually been |
reversed from the nommal configuration when recorded moncpolarly indie
cating that some of the original reeruiting potential did arise from
the cortex itself. Hanberry and Jasper (30}, using bipoler recording
electrodes, demcmstrated in a striling way that cortical sblation abol-
ished augmenting responses but not recrulting responses. This agrees
closely with the vesults of the present expermcnhs which show that it
is very likely that most of the augmenting response resulis from intrae-
c;artical. events but that much of the recruiting response cannot be
adequately explained until the contribution of subcortical elements

is more precisely known. It is somewhat a paradox that although the
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recruiting potentials have been studied far more extensively than the
augmenting response, the former are still far more difficult to interpret.
The augmenting-like component. In the descripbion of the sugmenting
response it was suggested that a "recruiting-like" sequence may conitri-
bute to the later phases of msny sugmenting responses, It wes supgested
that this might be the result of activaticn of fibers of psssage from
unspecific melei or cwrrent spread to these muclei. In the present
deseription of the recruiting waves 1t has been noted that, in the
early responses of a train particularly, there are citen suggestions
of the superimposition of an "augmenting-like" element on the early
parts of the reecrniting waves. However, this sdded element occurs
after a latency of 20 msec. (figure 10): This precludes the possibllity
of comtamination by stimulus spresd to the specific thalamic nuclei or
by stimmlation of fibers of passage from these nuclel. Anatomlesl con-
nections have been demonstrated vetween the two systems of thalamic
nuclei (60) and Magoun's group, on the basis of paysiclogic data, has
emphasized the participation of the assoclation nuclel in the recruiting
process (70, 71). These considerstions favor the interpretation that
this added comyplex represents the activation of neuronal connections to
the speeific nuclei. It mey be that a strict dichotomy does not exist
in & functional sense between recruitment and augmentation and that the
distinction is only useful in indicating the predominance of one mysten
or the wﬂhhﬁrr; In view of the fact that this "augmenting-like" component
was more prominent in the early responses in a train, it may Le suggested
tﬁa‘h the triggered cyclic waves which presumably underlie the waxing
and waning in a train of recmiting responses often preferentially

reinforce this added component.
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Spindling
The electrocorticograpiic pattern of the spindling isclated brain

is complex and variegated. Dii‘fé:‘enb parts of the cortex often seen
to spindle quite independently although occasionally the whole struc-
ture behaves a5 a unit and all lesds of the encephalograph will show a
burst pattern simultenecusly. If the waves which comprise the bursts
are exsmined in detail it will be noted that the polarity snd contour
-of the individuel waves vary remarkably from area to areas Two mono-
polar leads have to be placed within a millimeter or so of each other
if synchronous weves are to be seen in the two channels. In short,

it would seem that spindling is an emormously complex phenocmenon

and theat any epproach toward an understanding of the intracortical
mechanisms underlying these larse spontaneous potentials héd better
begin with humble objectives. For this reason, the present experiments
were limited in the following ways: 1) ideeording sites were confined
to the anterior and posterior gigmold gryri since it was in these regions
that the evoked waves had been most closely examined., Furthermore, the
pyramical tract srises from thecse areas snd its behevior during these
waves has been extensively studied {6, 19). 2) The early experiments
in this part of the project were limited %o those waves which had prom=
inent initial positive deflections. These will be referrsd to as
“Pype I" spindles. In later studies, waves of different configuration
were examined and those waves with prominent imtial‘nagativj_ties were
recorded. These will be referred to as "Type II" spindles. 3) In the
study of both types of waves, only the largest amplitude responses were
studied in detail. It wes quite remarkable how stable one particular
wave 4fz:rm wae at any given recording site. If 1t were not for this fact,

these experiments could not have been carried out.
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Type I spindles, These are spindle waves which begiix with & prome
inent surface positivity., Thelr time course was somewhalt briefer then
the type II spindles, and they were usually found to be largest around
the gmat-»crx.wiam dimple, In order to compare the responses at differ-
ent depths 1t was absolutely essentiel that the surface resgonses be
monitored at a point as close as poasible to the penetrasting electrode.
It wae usually possible to obtein a placement within a fraction of a
millimeter of the penetration site. The typical responses which were
obtained with the surface criteris menticned above are lilustrated in
figure 11, In tuis figure it is apparent that these waves (at least
the largest waves in s burst) seem to start with a sharp surface pos-
itive goin: deflection. Using this ss a relatively constent and
eaglly identified polnt in time on the surface reccerd, the responses
st different depths could be put on the same time scale snd thereby
compared,. |

The usual way in which this comperison was cerried out was Ly super-

o

imposing tracings from the same depth in which the surface monitor ree
sponses matched and then arranging these tracings on the same time
base uging the surface momtor records as a common point of reference,
This kind of presentation is illustrated in figure 12. These tracings
present 8 pdeture which is strikingly simllar to the augmenting waves,
although the weve form 3s a whole 1s more spread out. The diphasie
positive-negative waves at the surface and in the first cortical layer
became triphasic positive-negstive-pogitive waves in the second lgyer
and finally very large negative-positive waves in the third and fourth
layers. This complex became somewhat smaller in the fifth leyer and

then practically dissppeared as the sixth layer and finglly the white
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PIGUARE 12

Buperimposed tracings of type I spin-
dles as recorded at the surface and .
at different depths in the posterior
sigmoid gyrus. In this figure, taken
from the same sxperiment as figure 11,

- superimposed tracings of osecillographic
records from the surface monitor eslec-
trode (3. M.) and from the penetrating
elactrode {P) have been arranged in
pairs side by side. The depths of the
penetrating electrode are indicated

to the left of each depth tracing.

Hote the similarities in these records
to those which were shown for augment-
ing responses (sse figures 2 and 5).
Note scatter of white matter recordings,
{5-3-56)
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matter were snbered by the recording electrode. #11 that remained in
the white matter was the suggestion of a positive-negative sequence.

Retwrning to figure 11; the same fea‘burg:s mey now be more clearly
discerned in the single “racings. It wos often possible to make oub
the suggestion of umitery activity present as "fuzs® or a thickcened
bagseline on the crest of the remarkable initiel sink in the third and
fourth layers. If one were to compore these waves with those seen in
augmenting responses, then this deep initial negabivity would be
snelogous to component b rather than gomponent a of the augmenting
response, The larger fifth layer uniis can be seen in figure 11 in
the trough of the deep after-positivity,

‘Ava with augmentation, these potentials may be more readily related
to deyth if e depthepctential graph is constructed (figure 13). This
series of graphs slsc points up the origin of the early sink in the
third and fourth layers end illustrates its upwerd ascent with prodromal
and metadromal sources sbove snd below its Composite depth, onset and
depth, peakelatency curves can alsc be used to summarize the date from
several experiments on type I spindles (figure 1), Here agsin the sime
ilarity to those for the sugmenting responses is very striking indeed,

A few speecial comments are necessary concerning the t::it:ﬂlr:’i.cas‘xmJ simllays
ities between ﬁhese illustrations and grephs of suontaneous type I
spindles and those for the evoked sugmenting waves., The difference in
time course is perhaps accountable in terms of the difference in syne
chrony which would be expected between spontsnecusly oceurring events
and those which are produced by very brief thslamic shocks., 4 less
essily explained difference is to be found in the very small amplitude

of the potentials in the sgixth layer and white matter during spindling



FIGURE 13

Depth-potential distribution of the
responses illustrated in figures 11
and 12 at a succession of points in
time. The presentation employed in
this figure is identical to that which
wag used in figure 3, Note the marked
similarity to the changes shown in
figure 3. (5-3-56)
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FIGURE 14

Time to onset and time to peak of the
intracortical sink as related to depth
during type I spindles. This presenta-
tion is identical in every way to that
which was employed in figure L. The
graphs on the left side of the figure
are taken from the same experiment
illustrated in figures 11, 12 and 13
(5=3=56). The graphs to the right
summarize the observations made dur-
ing six comparable experiments., Note
the marked similarity of these gravhs
to those which were presented in fig-
ure 4 on the sugmenting responss.
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as compared with the amplitude of “bhé deflsebions recordsd at the same
levels during augmentation. Taking all available facts into considera-
tion; the most probable explanation for this particuler difference is .
that in augmentation, adjecent areas of cortex were undergoing potential
flustuations which were highly synchroncus with those sampled by the
pepetrating electrede in its course through the cortical layers. On
the other hand; durlng spindling, the adjacent cortical areas may have
been decldedly out of phase. As the penstrating eleetrode went deeper
and deeper, it eventually entered areas where axons from adjacent areas
of eortex were coursing. During augmentation these were all in sbep

and tended t¢ swmate, while during epindiing the povbtentials were highly
desynchrenised. The secabter of the superimposed tracings in figure 12,
which were taken from the white malter responses, testify to the probe
able mingling of effects in white matter recordings.

Interpretation. The imterpretative possibilities for these waves
are very much the same as those which were made for supmentation. Ho
deflection corresponding tc ecmponeni & was identiflable, perhaps because
of a less synchronized afferent voclley or because of the greater role
of intrdinsic cortical mechanisms in spindling. The initial deep negativ-
ity is assignable {o depclarization in the vigimdbty of the cell bodies.
The coneomltant surface positivity again may represent the gource provided
by seperficial extension of the cells whose parakarys sre acting as sinks.
The slowly ascending sink is anvther common feature ¢f these two waves
and the same possibilities apply to it as were suggested in the dige
cussion of the augmanting response. It has been suggested {73) tha%
the afﬁer%simﬁty encountered in deep cortical and thalamie record-

ings during spindling may represent summated positive after-potentials.



This is a ressonable possibllity. However, the data on the type II
syindlés to be presented below sugpest that few of the waves in cortical
spindles are due to the operation of a single intracortical mecheniem,
Indeed, the records suggest that mosh of these waves are the mandfestas
tion of more than one intracortical event., Imtil it beocomes possible
to isolate the components completely, certala identification of the
late positivity is impossible,

Type 11 spindles, These are the spindles which have an initial
negativity. They were usnally most well developed on the snterior
siguold gyrus, In attempting to select recording sites for the study
of type I1 spindles, it was found that most waves achbually had some
initial positivity in the surface records, Figure 15 presents bracings
derived from one experiment in whiech type II spindles were studied. A
superficial examination of these waves discloses az genersl r esemblance
to reeruitment as presented esrlier., As wag the cgse with recruitment,
the deep responses vere predominantly positive in sign. £As indiested in
figare 15, the surface waves from @& fferent bursts wnrﬁyremarkably GO
stant in time couwrse und phase. However, despite this cwmétanayb the
recordings from the third aﬁd fourth layers fell into two distinct
clesses. These were diffsrentilated on the basis of the presencs or
abgence of initial nsgativity. Thils observation leads to the hypothesis
that many of these spontsneous waves are actually ".:'aiied“.. in figare 15
1t cen be seen that the presence of this initial negstivity in some of
the deep responses occurred in greatest amplitude in the third and fourth
layers. This is strongly suggestive that type I compouents may a.pear

in some of these type 11 waves,



FIGURE 15

Superimposed tracings of type II spin-
dles as recorded at the surfsce and

at different cortical depths within
the anterior sigmoid gyrus. The same
method of presentation has been utilized
in this figure as was used in figure
12, If these waves are compared with
the responses illustrated in figures

8 and 10, the general similarities of
type II spindies to recruitment are
quite striking. Note also the manner
in which the early portions of the
waves in the third and fourth layers
(600 - 1,000 microns) divide into two
distinet classes. However, the sur-
face recordings (S, M.), made simul-
taneously with these dsep recordings,
are all congruous. (1-10-57)
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fne test of this possibility was to exaulne more of these so-called
type 11 waves for evidence of these mimd effects, It scom became
obvious that these mixed types of waveforms were by no mcans rare,
Figure 16 shows a collection of surface responses taken from an experi-
ment which clearly shows that a dighasic positive-ne ative seqguence
may precede uhat is predominantly a surface negative wave, These then
are clearly mixed responses wiiich appear to contain both type I end
t/pe 11 spindle components in that order,

Figure 17 shows tracings from the fourth layer in a spindling exper=
iment in which type I, type II and distinetly mixed responses were all
seen at the same placement. In the mixed responses, the dlscontimuity
between the two components is evident even in the superimposed tracings.
The photograph in the lower pert of the figure shows that many «af the
responses without prominent diseontimuities are probably mixed but
very smoothly summated, Typically, the burst msy start out with mixed
responses snd end with whet arpear to be almost pure type II responses,
In this illustration there is only the slightest sugpestion thet the
surface waves contalan the early diphasic positive-negative seqnﬁnca
which has been linked with the imitisl deep sink, Although the mixed
responses usually seemed to make up the first part of the burst as in
this figure, a wide sampling of bursts discloscd that the mixed and type
II responses may appesr in almost any order. When clearly evident mixed
waves sppeared, they alwgys appeared in the sequence illustrated, i.e.
type I precedes type II.

Interpretation. As with the recruiting responses, the interpretsztion

of these type II waves is enormously difficult. A% the present time,



PIGUKE 16

Surface recordings of individual spin-
dle waves showing evidence of mixture.
These individual surface waves were
selectad from a mumber of spindle
bursts. They have been placed in
vertical rows to facilitate compari-
son. The arrows indicate the most
constantly observed discontinuity in
the surface spindle waves. This type
of discontinuily indicates the separa-
tion of a positive-negative sequence
from an underlying negative~positive
sequence. Such waves are regarded as
representative of mixed (I - II)
spindles, (10-9=56)
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FIGURE 17

Superimposed tracings of type I, II
and mixed (I - II) spindle waves at
the surface and in the fourth layer
of the anterior sigwoid gyrus. The
type of spindle wave is indicated on
the left. The tracings in the first
column are from the surface monitor,
(8. ¥.), those in the second column
from the penstrating electrode., The
arrows indicate the discontinuity
between the two components in the
. tracings of the mixed responses. The
photograph in the lower part of the
figure shows smoothly summated mixed
waves and type II waves as they appear
in a burst. Upper line, surface moni-
tor; lower line, waves as recorded by
penetrating electrode with tip in
fourth layer. Note that the first
four waves seem to be mixed (large
initial deep negativity) even though
the initial surface positivity is
small, The last three waves seem to
be pure type II waves. This is a com-
mon sequence, i.e., the burst starts
out with mixed waves and ends with
pure type II waves. (9~26~56)
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the similarity of these potentisals to the recruiiling response can simply
be pointed out end the possible equivalence of these two waveforms

reaffirned,



Unitary Activity

As was mentioned in the introductien, the study of unitary activity
was strictly a subsidiary aim of this project; the primary effort having
been directed toward an understanding of the slow potential fluctustions.
However, it soon became apparent that some of these waveforms were
closely related temporally te all of the units recordable with the types
of electrodes employed in this study. For this reason, at every record-
ing site, an effort was made to record the activity of the population
of units in the vicinity of the electrode tip.

Pigure 18 illustrates in a striking memner some of the similarities
and differences in population unitary response during sugmentation and
recruitment., These records were taken from an experiment in which both
augmenting and recruiting responses were recorded from the same locus,”
In both of these responses it is evident that the apparentiy random
unitary activity which prewvails after the injury effects have subsided
(bottom tracing) is converted into grouped discharges by both types of
repstitive thalamic stimuli. The pattern of unitary response in both
cases is characterized by the appearance of a group of spike discharges
both preceded and followed by periods of unitary silence. However,
there appears to be a considerable difference in the temporal dispersion
of the grouped discharges associated with the two different waveforus.

The groups of unitary discharges appear to be much more compact in the

*a micropipette was used in this experiment and was situated in the
sixth layer. The illustration shows unitary activity which is typiecal
of that which was routinely encountered in the third, fourth, and fifth
layers. Thersfore, many of these spikes may arise from axons.



FIGURE 18

Comparison of patterms of unit activity
during recruiting and augmenting respon-
ses, All records derived from a single
micropipette in the sixth layer of the
anterior sigmoid gyrus. Records one
and two {from above) recorded similtan-
sously during stismwmistion of n. ventralis
lateraiis (1 msec., 6/sec.). In record
two slow waves wers atiemuated by vir-
tue of the short time-constant of the
amplifier, Note the number, placement
and grouping of the unitary activity
during these augweritlng waves. Records
three and four recorded simultaneously
during stimulation of n. veatraiis
medialis (1.0 msec., 6/sec.}. Ampli-
fier conditions unchanged. hote
infrequent, late, poorly grouped unitary
activity during these recruiting waves.
Record five illustrates the background
unitary selivivy in the absences of
thalamic stimulation, (4-19=-57)
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augmenting response than in recruitment, yet the slow waves are of com-
parable amplitude, (although, of course, of different polarity and
ghape).

The same kind of unitary grouping has often besn described in
association with spindle waves. (73, 48) Figure 20,o0n the right, shows
the fifth layer unitary activity as seen in a spindle burst and in
individual spindle waves. On the basis of their surface configuration,
the individual waves have been labelled as type I, mixed and type II
waves, Those waves which contain & type I component are associated
with the repetitive discharge of a large fifth layer unit. The pure
type II wave ls accompanied by smaller more scattered unitary spikes,

In order to estimate how accurately recordings such as these repre-
sent the cortical unitary activity as it was seen in a number of experi-
ments and at different cortical depths, an attempt was made to summarize
guantitatively the unitary data obtained during these experiments. In
thase experiments with the most Jistinet unitary spikes, an attempt was
made to count the total number of spikes present in individual responses
during given time intervals at the depths selected for the study of slow

‘waves, This means that the discharges of a population of units was
handled as a group. HNo attempt was made to analyze the pattern of
activity of individual units in a statistical mammer. It was often vary
difficult to say with certainﬁy‘whether a given spike represented a
single unitary response or the nearly simmltaneous discharge of several
units. As a result, many spikes which were counted as single unitary
discharges were probably mltiple discharges, Howsver, the error pro-
duced by this kind of misinterpretatiah.is such that estimates of ceatral

tendency for grouping will tend to be low since the more compact the
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grouping of units is, the greater will be the likelihced of this type
of error. This method of analysis is to be considered semiquantitative
rather than quantitative.

The data from eight experiments are graphically summarized in fig-
ure 19, Each of the four columns of graphs illustrates the results
from two experiments. The experiments represented in the first column
were concerned with augmentation, those in the second column with
. recruitment, those in the third with type I spindles and those in the
fourth with type II spindles. The ordinates designate number of spikes,
the abscissas designate time. Each individual histogram represents the
frequency distribution of all spikes associated with five of the largest
amplitude waves in a burst of responses. The histograms provida & means
of comparing the central tendencies of unitary activity in diifferent
responses. However, the amplitudes of the different histograms are not
comparable because there was considerable variation in the amount of
unitary activity recorded in different experiments and alsoc because of
the errors in counting which were desceribed above.

Comparing the two kinds of evcked waves, it is clsar that the uni-
tary activity associated with augmenting responses occurs over a mich
shorter time interval and exhibits a greater central tendency than the
unitary aetivity which accompanies recruiting responses. In the aug-
menting response, the time of omset and cessation of unitary activity
was sharply demarcated at different depths. The fifth layer activity
is both later in onset and peaks at a later tine than the activity in
the third and fourth layers. Although the amplitudes of the histograms
are not strictly comparable for the reasons cited above, it would seam

that the augmenting response is accompanied by more dense unitary
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aetivﬁtyjthan‘racruitmant. The same impression was borne out in the
records from two experiments in which both augmenting and recruiting
responses were recorded in the same pemetrations. In many recordings
of these evoked responses in which there was considerable spontaneous
activity in the background, the pefiods of unitary silence which wers
assocliated with the thalamic stimuli were as striking as the grouped
unitary discharges. This suggests the participation of imhibitory phe-
nomena in these responses. (19, L5)

The differences between the unitary activity associated with the
two kinds of spindle waves were not as striking as those betwsen aug-
menting and recruiting responses. Nevertheless, the unitary activity
associated with type I spindles does exhibit a greater central tendency
and does seem to occur over a much more restricted period of time than
ie the case with unitary activity accompanying the type II spindles.
Only in the experiment of 5-3-56 is there an iadic&tion that the fifth
layer units may discharge at a later time than those in the third and
fourth layers.

If it were posgible to say with assurance that these histograms
exhibited a normal distribution, them it would be poseible to express
these differences in central tendsncy in statistical terms, However,
such an assumption carmot be made.

Several special points are worthy of mention. 1) Although the
recruiting responses which appear in the largest part of the train were
associated with unitary "grouping®, the swaller amplitude late waves in

’ﬁhe train were usually accompanied by apparently random unitary activity.
This was rarely the case with the late augmenting waves which consist-

ently showed tight unitary grouping unless just threshold stimulus
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intensities were employed, in which case only the largest responses were
associated with tightly grouped discharges. 2) In recruitment, sometimes
the unitary bursts seemed to be out of step with the slow waves and the
clumps of spikes would often start before the stimmlus artifact, This
almost never occurred during sugmentation, 3) In a train of evoked
waves, the mumber of spikes associated with each slow wave ofbten showed
a good correlation with the amplitude of the slow potentials. However,
there were cases in which increasing the stimmlue intensity at an aug-
menting site seemed to decrease the mumber of spikes in each group,

even though the slow waves were of large amplitude, 4) In contrast

with the evoked waves, the smallest amplitude spindle waves were often
associated with the largest number of unitary spikes. Although all of
these observations are of some interest; they can not readily be fitted
in with the data presented above.

In the description of the slow waves, it was pointed out that aug-
menting and type I spindles showed many similarities and that recruit-
ing and type II spindles showed many similerities. The graphs of the
spike activity also reveal a similarity between these two types of
response. Here also, the effects of the Sp@aﬁaneous waves tend to be
more dispersed temporally. The graphs of the augmenting unitary asctivity
in the fifth layer show a shift in latency and mean when compared to the
graphs for the third and fourth layers. HNo such shift is demonstrable
in most of the type I spindles, (However, as mentioned above, the
gravhs for 5-3=-56 show a suggestion of a shift in mean.) This may bé
due to an actusl difference in the mechanisms underlying augmentation
and the type I spindles or it may be a function of temporal dispersion

and the uncertainty of the arbitrary sero time point which was adopted



in the case of the spontaneous waves,

Figure 20 contains a series of similap graphs comparing mixed
spindles (which contained type I slow waves) with type II spindles.
(Samples of the individual waves are illustrated to the right of the
graph and have already been described.) These waves were recorded in
the same preparation, at the same recording site and in many cases
within the same burst. The graphs disclose not only the grester cenbral
tendency in these waves which contain type I elumnnts; but also suggest
that the actual number of unitary spikes associated with each wave may
be greater.

If the time course and depth distribution of the unitary activity
which has been illustrated in these figures 1% and 20 is compared with
the corresponding siow waves of each type of response, {figures 2, 8,
12, 15) it is clear that the unitary activity in augmenting and type I
spindles is fairly well correlated with the time course of the large
initial deep sink which appears in both of these responses. This cor-
relation was most striking in the third and fourth layers where the
unitary bursts would usually ride on the crest of the deep negativity.
Tn the fifth layer, the spikes would often occur on the descending limb
or in the trough of the after-positivity. These relations may be seen
in figures 2, 5, and 1l.

It would seem, therefore, that the sink in the third and fourth
layers which develops in augmenting and recruibing waves represents
synaptic activation of the neurons in these layers at the level of their
cell bodies and basal dendrites. Some of the cells may be spindle cells
but many are probably pyramidal cells. The timing of the unitary

responses in augmenting and type I spindles, particularly in third and
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fourth layers, is the same as that of the relayed pyramidal volley, i.e.
during the period of initial surface positivity (19)., Studies of thé
cortical distribution of unitary response to antidromic pyramidal stimu-
lation has indicated that the so called "Betz cells", using Phillip's
definitior (64), may be found at levels from about 500 to 1800 microns
from the surface (72)., This would include the layers which were found
to have grouped discharges coincldent with the pyramidal volley.

During recruitment and type II spindles, the unitary activity was
not consistently corrslated with any phase of the deep slow potantials.
Often individual units would be correlated with the deep positivity or
with the superimposed initial deep negativity which appeared in some of
the mixed forms. However, populations of cortical units seemed to be
unrelated to any particular portion of the slow waves.

There are two reascns for suspecting that rueh of the unitary
activity whiech is seen during recruitment is controlled by underlying
triggered cyclic waves, 1) Sometimes the unitary activity appeared in
grouped discharges which preceded the thalamic stimuli and 2) the late
waves in the trains of recruiting responses, which would presumably
have 1little of triggered waves, usually showed almost random unitary
discharges.

In general, then, recordings of the unitary activity associated
with recruiting and type II svindlee suggest that these waveforms involve
a less powerful, less synchronized and probably more indirect activation
of the neurons whose cell bodies lie within the third, fourth and fifth

layers.
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DISCUSSION

The experiments reported lead to the construction of the hypotheti-
cal scheme diagramed in figure 21, namely that these three "inds of
8-12/ssc. waves represent the algebraic summatlons of two basic poten-
tial-time-depth patterns. The word “patterns” is emphasized because
the present investigation does not provids the kind of evidence which
makes it possible to say with any assurance that the identical neurons
are involved whenever a given pattern appears, HNevertheless, it is
perfectly justifiable to describe these two patterns in terms of the
common electrical characteristics which they exhibit in these different
waveforms.” The most remarkable feature of Pattern 4 is the develop-
ment of a large initial sink in the third and fourth layers. This sink
then slowly ascends toward the surface. The unitary activity assoclated
with Pattern A occurs in very dense bursts at strictly defined time
jptervals. In some responses exhibiting Pattern A, the unitary activibty
in the fifth layer started later and contimued for a longer time than
that which was present in the third and fourth layers. The purest
examples of Pattern A are to be found in the augmenting response and in
type I spindles. ‘Tha sequence of potential changes with respect to
depth seen in Pattern B are not comnletely describable in terms of
jntracortical sinks. The first electrical event is the development of

a source in the deep cortical layers which becomes even larger in the

*Dn the basis of numerous similarities it must be said that the pogsi~
bility that comparable patterns in different waves may, in fact,
represent activity in the same neural structures is strongly suspected.



FIGURE 21

Schematic representation of the two fundamental
kinds of 8 -~ 12/sec. wavefoms. HNo absolute
time scale has been included because the dura-
tion of these patterns varies depending upon
whether they sre evoked or spontansous in their
appearance, These represent typical monopolar
recordings which may be obtained at different
cortical levels (indicated by roman numerals

on left.) Pattern A is shown in left coluum,
Pattern B in the right. The frequency distribu-
tion of unitary activity from the middle cortiecal
layers is graphed in & schematic fashion at the
bottom of each column.
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white matter., This presumably is a source providing current for some
subcortical sink. Superimposed on this source after a delay of about
10 msec. there develops a very superficial cortical sink thus creating
a negative-positive transcortical gradient. After about 20 msec, this
gradient suddenly becomes reversed in direction. Although this might
represent the development of a deep cortical sink, it is not always
bounded inferiorly by a source in the white matter, The definitive
interpretation of this psttern awaits further imowledge of the simultane-
ous electrical changes occuring in deeper subcortical structures, The
unitary activity associated with Pattern B tends to be scattered, dis-
persed over a relatively long time interval and ilnconsistent in its
time distribution from one response to another even within the same
train, During evoked waves, unitary activity was always clustered dur-
ing the surface positivity and early negativity of the Pattern A
responges. However, the clustering during Pattern B responses was not
invariably sssociated with the surface negativity in all preparations
in that it sometimes preceded the thalamiec stimulation. This is indi-
cated by the dotted line in fipgure 21,

A>ecmparisén of type A and type B responses reveals the striking
dirferences between the contours of these two types of activity as they
are manifested by recaréings'from the third to fifth layers. At these
levels of the cortex, the phase sequences of the two patterns are almost
exactly opposite to each other.

The observations made in these experiments lead to the conclusion
that many of the waveforms studied are the resulis of an algebraic summa-
tion of these two patterns. The waveforms illusirated in figure 22 are

diagrammatic representations of the results of tiis summation as they



FIGURE 22

Schematic representation of the way in which
Patterns & and B are belleved to cccur in the
more ususl mixed forme. Kinds of mixed responses
indicated at top of figure. Upper row of dia=-
grams, surface monitor; lower row, deep slectrode
recordings. Again the frequeney distribution

of the unitary activity in the middle cortical
layers is dlagramed. Arrows indicate the usual
position of the discontirmities which can often
be seen in recordings of mixed responseo.
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have been seen ir all three forms of slectrocortical activity, In
mixed spindles the relatiwve dominance of Patiern A over B and of B over
& varied through a wide range., In all nixed augmenting responses
?aitern A predominated clewarly over Pattern B, In all mixed recruiting
responses Pattern B clearly predominated over Pattern A, The presence
of these mixtures of Patterns A and B was aftén suggested by the disecon-
tinuities which are indicated by the arrows in figure 22. In ail“eases,
the timanaoarge‘of the sﬁrfaea potential change was not a completely
reliable index of the purity of the basic pattern. In many instances,
the depth records were essential for the clear diffarantiation of pure
and mixed responses. This was perticularly true of spontaneous spin~
dles, perhaps becauge of the greater degree of Lemporal dispersion in
thalamocortical volleys which initiasted this form of activity. The
distribution of the unitary activity was also of assistance in detecting
the existence of an obscurs Pattern,ﬁ;

Whenaver the two pattefna appeared together, the elements of Pat-
tern A impediately preceded the elemenis of Pattern B. This raises the
question of whether or not the events associated with Pattern A caused
those rasponsible for Pattern B by activation of intracortical or inter-
areal connections. It might seem possible that whenever Pattern B
appeared in isolation {as it often did in midline precruitment), it was
actually the result of cortice-cortical activation from an area of cor-
tex where Pattern 4 predominated. This possibility was not ruled out
by the present experiments since the studies were limited Lo the parae-
eruciate area snd the recruiting response to midline thalamic st inmulae
ticn may be present in many other cortical areas, e.g. prorean, cingulate

and subcallésal cortices., However, this same question has been attacked
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befors hy cortical ablaticn studies (37, 29) and the »ﬁnd.ings bave been
such that corticoegertical spread cannot be regarded as essential for
the produstion of cortical reernitment. This then favors the possi-
bility that the presence of Pattern B alone is not dependent upon the
presence of the events asscoiated with Pattern A ln adjscent cortical
areas and that it is an independent pattern set up direetly by thalamoe
cortical afferents. The :invé.riahm tenporal precedence of Pattern A
over Pattern B at 2 single cortical focusz sannot be accounted for by
the data presented here. Thers are two basically different possible
explanations, It may be that the thalamo-cortical volleys responsible
for the twe patterns are conducted at different velocities such that
the volley producing the evente underlying Patiern A always arrive
at the cortex before the volley that results in Pattern B. Alternatively,
the A~B sequence may be dependent upen transfer of activity from one
thalamic source t¢ the other over iubtrathalamlc nuclear connections (60).
Civen twe distinet and apparently independent patterns, what
factors ageount for the striking differences? The amplitudes of both
the surface and deep potentials are comparable and therefore it seems
unlikely that the differsnces between these two pattorns are strictly
quantitative. A very good possibility is that these two patterns in-
velve two different types of thalamocortical afferents. Although it is
not possible to say whether the initial deep sink in Pattern A represents
either 1) activié;y in thalamo-gortical afferents themselves or 2) the
post-synaptic depolariszations caused by these afferents, its position
with respect to depth sorresponds to that of the afferent terminals in

both cases. Hy almost unanimous agreement amcng anatomists, the
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ﬁpecifie e¢orblcal afforents end in the fourth and lower third layers

(555 595 60}s There are & number of ancillary arguments which also
support the contention that Fatlern A is inltiated by specific cortical
afferentes It is in the third and fourth layers that short lateney,
tightly pecked unitary spikes appear. The design of the bushy endings
of the speeific afferents is such that they might be expected to comand
an enoymously largs population of third and fourth layer neurcns. Such
appears to be the case from the dense clustering of the grouped unitary
digscharges . ‘Paﬁtern,h wndformly predominates in cortical augmentetion
wideh is produced by repetitive stimulation of VPL and VPY, and these
nuclei are known to send specific aifferents to the somesthetic corbex
(55, 59, 60), The fact that Pattern A can be seen in a rudimentary

form after a falrly long latency in some recruiting responsss is not
inconsistent with %he&a ideas in view of the koown anatomicel connections
of the midline uuaiai to tﬁa specific nuclei (60). Finally; the remark-
able similarity of Pattern A ¢0 that which is seen in the primary response
is consistent with the gemeral interpretation that the primary response
is mediated by specific affevents (LO, 63, L6).

Regarding Pattern B, there are a number of factors which make it
difficult to correlate the patiern of slow wave changes with what is
known about the anatomy of cortical afferents. In the first place, there
has been wide varlation in the descripticns of cortical afferents other
than the "specific" ones. Lorente de No's original descripticns (53)
emphasiged that the unspeeific afferents send collaterals to all cortical
layers with the gréa%es% mumber of terminals golng tc the sixth layer.
liauta (59) has described fibers which end in all cortical layers except

the first. S5Sholl (69) peints out that seme Golpl preparations show



7L

2 nuaber of rather fine axons running stralght through the lower part
of the cortex $o end in the mors éuperi’ieial parte of the cortex with
the excepiien of the cubtermost portlons. The origin of all the hori-
suntally ruming fibers in the outermost cortical layer is not dsfinitely
known, although some may come from the desp stellate cells (69). Further-
more, Hauta and Whitloek (60} have shown that some a®ferents from the
midline and Intralaminar cell greups which ge to the marginal strips of
neogoriex adjelning the rhinal and eingulate sulel enter the cortex as
deep tangential fibers and end only in the deep cortical layers. Nauta
and Whitleck state guite emphatically that the sortical afferents bLerme
inating in =11 cell layers and ramifying in layer I cannot be inter-
preted ca'tegcrically as representing cortical prejections from noue
speeific thalamic nuelsi. Recause of this uncertainty about unspeeifie
afferents, the cnly Lhing which can be ssid with conviebtion is that
Pattern U prebebly dues not invelve activity initiated by the speeific
cortical afferents.

It cannot be denied that hoth Pattern A and Patlern B are assscci-
ated with aclivity in posteynaptic intracortical neurcns, It remains
to be determined whether both forms of response involve the same popula-
tien of intractrtical neurons or whether the activated post-synaptic
elements are different in the two cages. Some information besring en
this subject has been cbtained from studies of the responses of cells
¢f origin of the cortico-spinal system. Brockhart and Zanchetti (1)
demonstrated clear differences in the changes of slectrical excitability
of these meurons during sugmenting (Pattern i) and recruiting (Pattern R)
waves, end offered explanaticns for contradictory resulis obtained

by previcus werkers (11}, More recently, however, Parma and



Z&nc}mﬂi (61) have noted that the relayed pyramidal velley assoclated
with #umnting waves may be altered by properly timed recruiting waves.
This ohservation suggests that both types of electrocortical activity
induce changes in the same cortico-spinal neurcns.

These observations on the role of cortico-gpinal neurcns s plus the
theoretical considerations regarding slow waves (see introducticn},
clus the sheer numerical predominance of pyramidal cells in the corbex
all suggest that both Patterns A and P involve the activation of
pyramidal cells. However, the vtmdaniable difference in the two pate
terns favors the possibility that they represent activation ef these
cells at different loei. The idea that pyramidal cells may be active
ated st different loei has been the very backbone of theory about
cortical function which has grown oubt of Adrian's masterful discussion
appearing in his fifth chapter of The Mechanism of Nervous Aetion (2).

Practically all subsequent theorizing has been an extension of these
ideas. By far the greatest emphasis has heen placed upen the differ-
ences in synaptic function aseribable to termimations 1) on the apical
dendrites and 2) on the cell bodies of the pyramidal cells.

As deseribed in the introduction, the predominani emphasis in the
literature on the intracortical mcchanism of these §-12/sec. waves has
been focused on the role of apical dendrites. Pabtern B has features
which could be interpreted as indicating the presence of a very super~
fleial cortical sink consistent with the depolarizaticn of apical
dendrites. As was pointed cut earlier, however s Some of the eortical
potentials in this pattern may reflect primarily subeortical events.

It 1s very unlikely that Pattern A represents activity initiated
at the apical dendrites of pyra%nida.’l ¢ells., However, the depth
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ﬂistribu%ian. Qf potential in Pattern A is compatible with twoe possible
modes of activation of pyramidal cells. Since the initial sink in this
pattern develops in the third and fourth layers, it may reprasent
activity either 1) at the basal dendrites and cell bodies of the third
and fourth layer pyramldal cells or 2) on the lower part of the aiﬂ.cnl 7
dendritic shafts of the f£ifth layer pyramids. If it is accepted that
most cortical spikes recorded with wire electrodes represent the alle
op-none discharges of the eell bedy or axen hillock, the date on unitary
activity offers greater support for the first possibility. It was the
und tary aa%i'éity in the tiird and fourth layers which was mst pre=
cisely correlated temporally with the relayed pyramidal volley and with
the time course of the slow potential sink. The fifth layer unitary
gspikes often ccourred a% time pericds somewhat later than these two
evants;.

Within the immediate region of the cell bodies of pyramidal cells
there are two possible sites of synaptic activation: the cell body
itself or the basal dendrites.¥ The sgimilarity of Pattern & to that
of the primary response favors the possibllivy that Pattern A may alsc

“dinvolve periesrpuscular activation of pjramidal ¢ells through the
agency f Gelgl type II cells., In t.is case, the more prilonged time
course of Pattern A must be explained on the baéia of wmore dispersed
presynaptic events, i.e. elther the afferent volley or the star-shaped
interneurons.

In consideration ¢f synapses cn basal dendrites, there 1s no &
priori reason for discounting the possibility that many functional

*It deserves 4o be mentioned that there is till doubt in the minds of
some anatomists aboub whether there are actually any cortical dendreitic

symapses (69).



8L

parallels exist between apleal and basal dendrites. In a recent state
istical study by Shell (68), these two classes of cortlcal dendrites
were itreated as separate systems and were compared on the basls of
branching, length and opportunities for symaptic contact. Both systems
of dendrites converge around & focal pointy the bifurcation of ths
shaft ¢f the main apical dendrite in the case of the apical system and
the cell body in the case of the basal system. Eceles (35) has recently
suggested that dendritic post-synaptic potentials might be capable of
initiating all=-or-none propagated responses at these two fmﬁ.. The
existence of propagated spike respomses in the main apical dendritic
ghaft of hippocampal pyramidal cells has recently been demonstrated
(27, 36).

In view of the current spseulaticn about dendritie fumetion; 1%
is appropriate to suggest not only that the sarly phase of Pattern 4 is
a manifestation of hasal dendritie potentlals but that the bursis of
unitary apikss assoclated with this pattern represent the discharges of
some central trigger zome in the resgion of the cell bhody which is being
driven electrotonically by basal dendritic sinks. This is different
from the role traditicnally assigned t¢ apicsl dendritic polentials as
regilators of cell body exeitability (22, 40). The difference in the
function of apical and basal dendrites may be prirmarily dependent upen
the relative spike thresholds of the feel of these two dendritic systems.
Perhaps; by virtue of a lower spike threshold, the trigger scne at the
center of the basal dendritlc systenm is more apt t¢ respond with compact
trains of spikee %o preolonged dendritie catelectrotornus than is the
focus at the main apical bifurcation.
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Apart from the synaptic activation of basal dendrites; ephaptic
infiuences might also control these structures to some degrse, Adrian
{2, ) has stressed the possible rcle of ephapiis influences in syn-
chroaising the activity in many newrvns which individually have the
propensity for spontaneous rhythmic firing, Overlapping dendritic
fields might play a role in this process, and it is not inconceivable
that the interdigitations of basal dendrites might play a part in gyme
chronizing the spontaneous type I spindles which appesr te be related
t¢ activity in basal gellular sitructursse



SIGNIFICANCE CF THE EXPERIMERTS

The results of the present study suggesty that many ¢f these
B«12/g9ec. waves represent aigehmic sumations of at least two basic
patterns. This suppesition offers a possible explanation for many of
the disparities, often at the observational level, which have appeared
in the literature. First, the question of whether the spindle waves
are more closely related to recruiting or augmenting responses may now
be re-evaluated in the light of the observation that scme spindles
seem to fit Pattern A more closely and others Pattern B. The former
then are "augmenting-like” spindles and the latter, ®recruiting-like"
spindlas. The fact that changes in cortieco-spinal responsiveness
assoclated with spindling are almest identlcal with those cecurring
during augmentation (19) is consistent with the presemce of Paltern i
in both of these processes. (It will be remembered that, in general,
Paﬁtﬁm A is accompanied by more highly synchroniged firing of cortical
units.) However, the fact that szt scme recording sites, spindle waves
are predominantly representative of Pattern B is consistent with the
repeated observations by a number of workers which have led to the equa~-
tion of recruitment with spindling. The failure ¢f Hreokhary and
Zanchetti (19) tc detect the presence of "recruiting-like® spindles
may have been due to a sampling errcr. In thelr experiments, the cort-
ical besting shocks were trigiered by the first large wave in a burst.
Therefore, the large early waves in the burst were sampled in preference
to the smaller later waves in the waning phase of the train. The present
experiments showed that the early waves in the burst more ¢fien contained

Pattern A (tvpe I spindles) then the later waves. Although one must be



cautious in transposing results in the cerveau iscle to those which
are found in anesthetized preparations, it msy be that interaction
studies in which surface or transcortical leads have been used (29, 50)
tend te emphasize the common elements in recruiting and spindling
becavse the "augmenting-like" elements in the latter are often only
apparent in the middle cortical laysrs.

The generally accepted notion that the waves which comprise ihe
EEG are predominantly changes taking place in apical dendrites {25, 26)
demands modification in view of the results presented hers. The pres-
ence of large sinks in the third and feurth layers sirungly argues for
the equal participation of more basal structures although the vaves
may still be primarily dendritic in origin. It is suggested that the
specific as well as the unspecific system may participate in the
spindling mechanism to the degree that one ig Justiried in saying
that the spindling process is a very general affair and in facit that
probably most of the thalamus spindies. Such & ssemingly extravagand
statement is not out of keeping with the resuils presented by Lindsley,
Bowdan and Magoun (L9).

And finally, it would appear mandatory that future students of
electrocortical phenomens take cognizance of the fact that at least two
basically different forms ¢f cortical response may be invelved in the

production of what appear to be similar gurface potential changes.



SUMARY

1. Electrocortical sugmenting, recruiting and spindle waves
have been recorded at measured depths within the sensori-motor gortex
of eats using fine wire and glass microvelectrodes.

2. Each of these three waveforms has been described in terms of
the slow potential changes which wers recorded at ﬁiffemnt cortical
depths and in terms of the temporal distribution of the assoclated
unitary activity in the middle cortical layers.

3. Two basic depth-time-potential patterns have been identified
in these three waveforms. These bwe patterns have been designated
ag Pattern A and Pattern B, and both have been described in terms of
the common electrical charascteristies wideh they exhibited whenever
they have appeared in the three differsnt waveforms. The interprei-
ation of the neural mechanisms underlying the production of these two
patterns has been disoussed at length.

lis Pattern 4 clearly predominates in augmenting réspcnaea and
Pattern B clearly predominates in reeruiting responses. In spindling
preparations, waves may be detected in which sither Patbern A or
Pattern R predominstes. However, most spindle waves appear i represent
a mixture of these iwo patterns,

5. It is ecneluded that fﬁture investigators of corticsl sugment-
ing, reeruiting or spindle waves must take cognizance of the faet that
what appear to be similar surface petential changes may be produced
by at least two basically different forms of cortlcal response, as re-

vealed by recordings made within the cortex.
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