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Intracranial Potentials Correlated With an Event-Related Potential, P300, in the Cat 

THOMAS A. O'CONNOR and ARNOLD STARR 

Department of Neurology, University of California, Irvine, CA 92717 (U.S.A.) 

(Accepted October 9th, 1984) 
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Intracranial recordings of long-latency, event-related potentials were obtained from paralyzed, artificially respirated cats. A mod- 
ified oddball paradigm was employed in which cats were presented with a randomized series of two tones, a 'frequent' 4 kHz stimulus 
and a 'rare' 1 kHz stimulus. A tail shock was administered 700 ms after onset of the rare tone. Under these circumstances the stimulus 
elicited a positive component at the vertex similar to the human P300. Intracranial potentials associated with the rare tone usually 
manifested components of greater amplitude than did potentials associated with the frequent tone. A positive component occurring in 
latency between 200 and 350 ms only accompanied the presentation of the rare stimulus. The P300 component, which was positive at 
the dura, appeared as a negative component within a few millimeters of the surface over a wide area of the marginal and suprasylvian 
gyri. Changing the probability of the rare stimulus resulted in a reduction in the amplitudes of both the intracranial negative compo- 
nent and the P300 recorded at the skull. Components of large amplitude associated with the rare stimulus were obtained from the re- 
gion of the hippocampus. These components reversed polarity, sometimes more than once, as the electrode was advanced. Substantial 
latency differences were often observed between the P300 recorded at the skull and P300-1ike intracranial components associated with 
the rare stimulus. These results suggest that the cortices of the marginal and suprasylvian gyri and the hippocampal region contribute 
to the generation of the cat P300. 

INTRODUCTION 

The  P300 is a late posi t ive  c o m p o n e n t  of  the  aver-  

aged even t - r e l a t ed  po ten t i a l  r e c o r d e d  f rom the  scalp 

of  humans  that  ref lects  the  expec t anc i e s  of  the sub- 

ject  ra ther  than  the  physical  p a r a m e t e r s  of  the  s t imu-  

lus 6,28. These  con t ingenc ies  have  led to the  desig- 

na t ion  of  the  P300 as an ' e n d o g e n o u s  c o m p o n e n t '  of  

even t - r e l a t ed  potentials29. T h e  ampl i t ude  of  the P300 

is inversely  p r o p o r t i o n a l  to the  g lobal  p robab i l i ty  of  

the s t imulus 5.14.22 24,26 w h e r e a s  its la tency is r e la ted ,  

in part ,  to task diff iculty 9AI,25,26 and subjec t  age 12. 

Typical ly ,  subjects  a re  asked  to count  rare  s t imuli ,  

which are r a n d o m l y  i n t e rmixed  with a series of  fre- 

quen t  st inmli .  The  rare s t imulus  evokes  the  P30(I. 

Since this c o m p o n e n t  is best  e l ic i ted w h e n  the  subjec t  

is engaged  in the task,  the  P300 is be l i eved  to ref lect  

cogni t ive even ts  of  i n fo rma t ion  process ing .  Very  

little, howeve r ,  is known  of  the  neura l  s t ruc tures  in- 

vo lved  in gene ra t ing  the P300 since in t racrania l  re- 

cordings and n e u r o a n a t o m i c a l  ident i f ica t ion  of  the 

record ing  sites have  only in f requen t ly  been  em-  

p loyed  in humans 13,15,27.32,34. 

Models  of  the  P300 with animals  c o n d i t o n e d  to re- 

spond to the  rare s t imulus  have  been  devel -  

oped 2,3,7A°,16AS,21  ̀but  the re  are  few repor t s  of  P300- 

like potent ia l s  r e c o r d e d  f rom within the brain 10A~. In 

this s tudy a cat mode l ,  d e v e l o p e d  ear l ie r  in our  labo- 

ra tory 7`s, was e m p l o y e d .  Cats  exposed  to a classical 

advers ive  cond i t ion ing  pa rad igm showed  a late posi- 

t ive c o m p o n e n t  which had an ave rage  la tency at the 

midl ine  of  the  skull of  260 ms. This  c o m p o n e n t ' s  am- 

pl i tude was large w h e n  the  signal was task re levan t ,  

its ampl i tude  var ied  inverse ly  with s t imulus  probabi l -  

ity, and it could  be e v o k e d  by st imuli  of  d i f ferent  mo-  

dali t ies 30, character is t ics  s imilar  to the P300 in hu- 

mans.  The  p resen t  s tudy in the cat measu res  the po- 

tentials  at several  in t racrania l  locat ions  at the t ime of  

the skull P300 even t  to he lp  locate  and charac te r ize  

neura l  gene ra to r s  of  this an imal  ana logue  of  the hu- 

man  P300. 

Correspondence: A. Starr, Department of Neurology, University of California, Irvine, CA 92717, U.S.A. 
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MATERIALS AND METHODS 

Surgi~'al preparation 
Four female cats weighing from 3.3 to 4.3 kg were 

used in this study. Otoscopic  examinat ion verified 

that each animal was free from ear lice and that the 

tympanum was clearly visible. Surgical prepara t ion  

occurred in two stages. Initially under  general  anes- 

thesia a headholder  was implanted,  and a stainless 

steel screw recording electrode placed ei ther  1 or 11 

mm behind the bregma to serve as a fixed control  re- 

cording site. After  the deve lopment  of a P3011 com- 

ponent  during training a second surgery was per- 

formed. The animals were re-anesthet ized and from 

one to five cannulas were implanted  in the right side 

of the skull. The cannulas were constructed from 14 

gauge stainless steel tubing. The dura was not pen- 

e t ra ted in this procedure ,  and sterile bone wax was 

packed into the cannulas to reduce refection. Fig. I 

shows the p lacement  of cannulas relative to the corti- 

cal surface. All surgery was per formed under  sodium 

pentobarbi ta l  anesthesia (40 mg/kg). Cats were al- 

lowed at least one week to recover  before training or 

electrophysiological  data recording connnenccd.  

General procedures 
The cats were paralyzed with galleminc tr iethio- 

dide (10 mg/kg), in tubated,  and artificially respi- 

rated,  and then suppor ted  on a piece of foam rubber .  

Expired carbon dioxide was mainta ined near  4%. 

Body tempera ture  was moni tored  by a rectal ther- 

momete r  and mainta ined by a circulating water  heat-  

ing pad, Exper iments  were carried out in a double-  

walled sound at tenuat ing chamber  with the cat 's  

head held in place by the implanted  headholder .  The 

Fig. 1. Location of implanted cannulas relative to the cortical 
surface. MG, marginal gyrus: SSG. suprasylvian gyrus. 

eyelids of the left eve were kept opell i~ ~i wife k~(,!~ 

and a pupi l lometer  posi t ioned m tronl ~,~ the e~c t~ 

measure  pupil lary dilation. The pupithmletcr ,  de- 

scribed elsewhere ~, measured the ;_ltll()tti~ of light re- 

flected from the iris. To prevent  drying ni the ex t ,  

thin layer o f I e r r a m y c m  eve ointment  x ~  applied 

Audi tory  stimuli consisted of I k l i z  told 4 kHz 

tones,  50 ms in durat ion,  with a rise tim~:~ o( 5 ms and 

an intensity of 65 dB SPI~. Stimuli were del ivered 

through Beyer  earphones  coupled to the cat 's  left ear  

bv a hollow plastic tube. Behavioral  reinforcement  

was produced by a constant current eleclrical stimu- 

lus adminis tered to the tail 7t)(I ms after onset of the 1 

kHz tone.  The electrical stimulus consisted of a 300 

ms train of 15 pulses (2 mA,  2 ms) del ivered through 

a pair  of ring electrodes placed 2 cm apart  on a 

shaved port ion of the cat 's  tail. 

Behavioral paradigm 
A variation of the 'oddbal l  paradigm" employed  m 

human P300 studies was utilized (Fig. 2A).  Cats 

were presented  with a random series of two tones,  a 

'frequent" 4 kHz stimulus and a 'rare" l kHz stimulus 

at two-second intervals. The electrical stimulus to the 

tail was adminis tered  700 ms after onset of the 4 kHz 

tone. This procedure  led to a condit ioning of a pupil- 

lary dilat ion,  which began about  300 ms after onset of 

the 4 kHz tone.  When condit ioning is established,  the 

rare stimulus elicits a positive potent ia l  at the vertex 

similar to the human P3007,~°. The pupil response 

served as a 'behaviora l '  measure  of the animal 's  con- 

dit ioning to the Fare 4 kHz stimulus. 

Training began with an habi tuat ion phase during 

which no shock was employed.  During habituat ion 

approximate ly  4(10 stimuli,  l(lC/c of which were 'rare'~ 

were presented.  Usually at the end of such a stimulus 

series, no condi t ioned pupil response was apparent  to 

either stimulus as well as no late positive skull poten- 

tials. In all cases condit ioning was not begun until the 

averaged pupil  response showed stimulus related di- 

lation to be absent.  Dur ing condit ioning stimuli were 

presented in blocks of 400 and within three or four 

such blocks the condi t ioned pupil lary response and 

P300 at tained maximum values. Fig. 2 shows the de- 

velopment  of the P300 recorded at the skull (B) and 

the pupillary dilat ion response (C) m one of the cats. 

The uppermost  records on each side represent  the 

averaged event- re la ted  potent ial  and pupil lary dila- 
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Fig. 2. Diagram of classical conditioning paradigm (A) used in 
this study. A random series of 'frequent' 4 kHz and 'rare' 1 kHz 
tones were presented at 2-second intervals. A tail shock oc- 
curred 700 ms after onset of the rare tone. Averages of event- 
related potentials recorded from the skull (B) and pupillary di- 
lation (C) from one of the cats. Stimuli were presented in 
blocks of 400, 10% of which were rare tones. The interrupted 
lines represent potentials evoked by the frequent tones. Con- 
tinuous lines are potentials evoked by the rare tones. The up- 
permost records represent the initial 400 trials without tail 
shock. Subsequent records represent sequential blocks of 400 
trials with conditioning. In the first set of trials with condition- 
ing a P300 component became discernable (arrow), which in- 
creases in amplitude over the next two series along with pupil- 
lary dilation. 

tion response associated with the rare (continuous 

line) and frequent ( interrupted line) stimuli. Subse- 

quent records show the averaged potentials and pu- 

pillary responses to successive blocks of stimuli dur- 

ing conditioning. The arrows in the evoked potential 

records indicate the latency of the condit ioned P300 

at approximately 240 ms. 

To facilitate training, the duration of the rare stim- 

ulus initially persisted until the onset of the electrical 

stimulus to the tail, that is, 700 ms. Once the P300 ap- 

peared, the tone duration was reduced to 50 ms. Dur- 

ing data collection the 1 kHz stimulus was presented 

approximately 10% of the time, except when the ef- 

fect of increasing the probabili ty to 40% was studied. 
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The paradigm was controlled by a PDP 11/40 com- 

puter including randomization of the signal se- 

quence, tone duration,  and electric stimulus deliv- 

ery. 

Neural recording 

Intracranial electrodes were constructed from 

0.005 inch diameter stainless steel wire insulated with 

epoxylite. The insulation was removed from the ter- 

minal 200-300 um of each electrode, lntracranial  

electrodes were held in stereotaxic carriers and ad- 

vanced into the brain through implanted cannulae.  

The potential recorded from a skull electrode (steel 

screw) near the vertex was monitored during intra- 

cranial electrode advancement.  General ly no more 

than two intracranial electrodes were simultaneously 

employed. Electrode recordings were obtained rela- 

tive to an indifferent needle electrode in the back of 

the neck. A ground electrode was located approxi- 

mately 1 inch posterior to the indifferent electrode. 

Brain potentials were amplified 1000 times with a 

band pass of 0.1 to 300 Hz (3 dB points, 6 dB/octave 

slope) and along with the pupillometer output were 

digitized on-line by the PDP 11/40, sorted with re- 

spect to which stimulus had occurred, and averaged. 

A 625 ms analysis interval beginning at stimulus on- 

set was used with the initial cat. A 650 ms interval be- 

ginning 40 ms before stimulus onset was used with the 

other three animals. During either time base 512 

samples of the incoming data were obtained from 

each channel. 

Data was not obtained from all recording sites in 

all four cats. Data was collected at all five locations in 

cats T - l a n d  T-2, at sites 2 and 5 only in cat T-3, and 

at site 2 only in cat T-4. 

During neural recording electrolytic lesions were 

made at selected intracranial locations for subse- 

quent histological verification of recording sites. 

When sacrificed, cats were deeply anesthetized and 

perfused through the heart with saline and 10C,~ buf- 

fered formalin and the brains removed. Frozen sec- 

tions were cut at 50um and stained with cresyl violet. 

Animal  care 

All procedures were conducted in accordance with 

the NIH Guide for the Care and Use of Laboratory 

Animals  ( D H E W  Publication No. 80-23).  Due to 

the use of paralyzed preparations in a classical condi- 
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t ioning paradigm,  care was taken to insure that the 

cats were as comfor table  as possible.  Typically,  the 

posi t ion of  the cat was changed at least once during 

the exper imenta l  per iod,  which did not last beyond 

four hours. Exper iments  on the same animal were 
conducted at weekly  intervals.  The level of electric 

stimulus employed  was not associated with pro-  

longed pupil lary dilation. The cats did not resist re- 

moval from their  normal  quarters  in the vivarium. All  

four cats ei ther  main ta ined  or slightly increased their  

body weight during the investigation. 

RESULTS 

A series of averaged potent ia ls  to both the fre- 

quent and rare tones are shown in Fig. 3B represent-  

ing results from several penet ra t ions  through the 

marginal gyrus at site 2 in the same cat on different 

days. There  is a significant ampl i tude  dispari ty be- 

tween the potentials  associated with the rare and fre- 

quent stimuli with the former  being of considerably 

larger ampli tude.  A t  the dura there is a nega t ive -po -  

sitive component  occurring at 50-100 ms followed by 

a late positivity peaking at 200 ms, part icularly to the 

rare tone.  A n  in te r rupted  line has been set at this lat- 

ter latency. To the rare stimulus there is a reversal of 

polari ty of the late posit ivity (henceforth te rmed the 

P300) recorded at the dura immediate ly  below the 

cortical surface (4,6, and 8 mm). Addi t iona l  polari ty 

changes occur at deeper  levels. A negative-to-posi-  
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Fig. 3. Drawing of coronal section (A) showing site 2 penetration in cat T-1. The interrupted line indicates the electrode path. C!rcles 
indicate sites at which current was passed to mark a particular recording position. MG, marginal gyrus; CG, cingulate gyrus; CC, cor- 
pus callosum; F, fornix; HC, hippocampus; DMTH, dorsomedial thalamic nucleus; PHTH, posterior hypothalamic nucleus~ Event-re- 
lated potentials (B) associated with frequent and rare stimuli both at the dura and various depths beneath the cortical surface for the 
penetration shown in A. The most superficial records (2, 4, 6 mm) show a polarity reversal of the dura P300. In this and subsequent fig- 
ures the black bar above the time base indicates the occurrence of the stimulus. Similarly, the interrupted vertical lines indicate thc la- 
tency of the P300 recorded at the dura. 



tive shift occurs between 8 mm and 12 mm, and a pos- 

itive-to-negative change takes place between 18 mm 

and 24 mm. 

The reversal of polarity of the P300 within the mar- 

ginal gyrus at site 2 was a consistent observation. Of 

ten such penetrat ions in four cats, in which records 

were obtained within 6 mm of the dura,  all man- 

ifested the polarity reversal. Fig. 4 shows one exam- 

ple from each cat of event-related potentials asso- 

ciated with the rare stimulus at the dura and within 

the marginal gyrus. With the exception of the 4 mm 

record from cat T-3, depth records in Fig. 4 repre- 

sent the most superficial data obtained below the 

dura in those penetrations.  The interrupted lines are 

at the latency of the P300 recorded at the dura. The 
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solid line represents the latency of the P300 recorded 

at the same time at the skull. In all four cases an ob- 

vious reversal of polarity of the P300 recorded at the 

dura is apparent in the depth records. The two skull 

records for each cat replicate well, indicating the sta- 

bility of the P300 evoked potential  latency during 

movement  of the depth electrode. 

It is clear from Fig. 4 that latencies of the P300 re- 

corded at the dura and the corresponding negativity 

in the depth records agree closely with the latency of 

the P300 recorded at the skull in cats T-3 and T-4. 

However,  the latencies of P300s recorded at the skull 

for cats T-1 and T-2 occur almost 75 and 100 ms later, 

respectively, than their dural or depth counterparts.  

A quantitative comparison of the degree of polarity 
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Fig. 4. An example from each cat showing the reversal of polarity of the P300 recorded from the dura as the electrode was advanced into 
the marginal gyrus at site 2. Also shown are the potentials recorded from a skull electrode which were obtained simultaneously with 
each pair of dura and depth records. The event-related potentials were elicited by the rare 1 kHz stimulus. In all four examples there is 
a negative peak in the depth record which occurs near the latency (vertical interrupted line) of the positive component, P300, recorded 
at the dura Note that the latency of the P300 recorded at the skull (solid line) occurs close to the latency of the positive component, 
P300, at the dura in two of the cats (T-3, T-4). In this and subsequent figures data recording began 40 ms before stimulus onset for cats 
T-2, T-3, and T-4. 
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TABLE 1 

Amplitudes of  intraeranial potentials measured at latency q[ 
skull P300 

Cat lntra- Latency Amplitude Depth/dura 
cranial of  skull ql" intra- amplitude 
depth P300 (ms) cranial rali() 

evenl al ~g latency 
latency q[" (ff skull 
skull P300 
P300 I~V) 

T-t Dura 2.57 +22 
4 mm 273 +32 + 1.45 
6 mm 239 - 88 -4.()0 
8 mm 238 -78  - 3.55 

T-2 Dura 351 + 40 
2 mm 353 +38 +(I.95 
3 mm 353 + 11 +-0.28 
4 mm 340 + 15 4(/.38 
5 mm 370 14 -- 0.35 
6mm 337 4- 3 + 11.08 

T-3 Dura 236 +59 
2 mm 236 +90 + 1.52 
3 mm 233 +25 +0.42 
4ram 231 -82 - 1.39 
5mm 241 - 8 --(I.13 
8 mm 228 - 34 iL58 

T-4 Dura 253 + 3~ 
3 mm 256 - 57  -- 1.58 
6 mm 280 - 120 -3.33 
9 cm 28(1 + I +0.03 

r eve r sa l  o b s e r v e d  in t h e  d e p t h  r e c o r d s  at  the  l a ten-  

cies of  b o t h  t he  dura l  a n d  skul l  P300s is c o n t a i n e d  in 

T a b l e s  I a n d  11. 

T h e  s e c o n d  c o l u m n  in T a b l e  I lists t he  d e p t h s  at 

wh ich  t he  a v e r a g e s  w e r e  o b t a i n e d .  T h e  t h i rd  c o l u m n  

lists t he  l a t enc i e s  of  the  c o r r e s p o n d i n g  P300s r eco r d -  

ed  at  the  skull .  C o l u m n  four  shows  b o t h  the  po l a r i t y  

a n d  a m p l i t u d e  of  the  i n t r a c r a n i a l  p o t e n t i a l s  at  t h e  la- 

t ency  of  the  P300 r e c o r d e d  at t he  skull .  F ina l ly ,  t he  

ra t io  of  the  a m p l i t u d e  of  the  c o m p o n e n t s  r e c o r d e d  

wi th in  the  b r a i n  to  t h a t  r e c o r d e d  f rom t he  d u r a  ap- 

pea r s  in the  last  c o l u m n .  T a b l e  II d i f fers  f r o m  T a b l e  1 

on ly  in t ha t  the  l a t ency  of  the  P300 r e c o r d e d  at the  

d u r a  is t he  po in t  at  wh ich  the  a m p l i t u d e  ra t ios  we re  

d e t e r m i n e d .  In the  last  c o l u m n  of  b o t h  t a b l e s  a nega -  

t ive  va lue  for  the  a m p l i t u d e  ra t io  m e a n s  t h a t  the  po-  

t en t i a l  w i th in  t he  b r a i n  is n e g a t i v e  r e l a t ive  to  the  po-  

t en t i a l  at  t he  d u r a  at  the  l a t ency  of  m e a s u r e m e n t ,  be  

it skull  ( T a b l e  I)  or  d u r a  ( T a b l e  II).  

F o r  cats  T-3 a n d  T-4 the  a m p l i t u d e  ra t ios  f rom 

T a b l e s  I a n d  II ag ree  well .  In c o n t r a s t  t h e r e  is less 

a g r e e m e n t  wi th  the  ra t io  m e a s u r e s  for  cats  I - 1  an;~ 

T-2,  pa r t i cu la r ly  the  la t te r ,  in which  the  ta tenc ies  o t  

the  P300s f rom the  skull  anti  d u r a  d i f fe red .  Arnpl i -  

t ude  ra t ios  d e t e r m i n e d  at the  l a tency  of  the  P3U0 re- 

c o r d e d  at the  skull  are  mos t ly  pos i t ive ,  whi le  those  

o b t a i n e d  at the  l a t ency  of  the  P300 r e c o r d e d  at the  

d u r a  are  nega t ive .  

A n  e x a m i n a t i o n  of the  m t r a c r a n i a l  r eco rds  f rom 

which  the  a m p l i t u d e  ra t ios  for  T-2 we re  o b t a i n e d  

may  clarify the  r e a s o n  for  this  d i sc repancy ,  T h e  in te r -  

r u p t e d  l ine in Fig. 5 m a r k s  the  l a t ency  of the  P300 re- 

c o r d e d  at the  dura .  T h e  a r r o w  by each  d e p t h  r e c o r d  

ind ica tes  the  l a t ency  of  the  c o r r e s p o n d i n g  P300 re- 

c o r d e d  at the  skull .  It is c lea r  tha t  t h e r e  is a po la r i ty  

r eve r sa l  wi th in  the  m a r g i n a l  gyrus  and  thai  the  t i m i n g  

of  this  r eve r sa l  r e l a t e s  m o r e  closely to the  peak  of the  

P300 r e c o r d e d  at the  d u r a  t han  it does  to the  P300 re- 

c o r d e d  at the  skull .  T h e s e  da t a  ind ica te  tha t  a nega-  

t ive c o m p o n e n t  can  be  o b t a i n e d  wi th in  the  m a r g i n a l  

gyrus  which  is P300-1ike in tha t  the  m a x i r n u m  anapli- 

T A B L E  II 

Amplitudes of  intracranial potentials measured at latency ol' 
dura P300 

Cat lntra- Latency 
cranial o f  dura 
depth 19300 (ms') 

T- 1 Dura 195 
4 mm 195 
6 mm 195 
8 mm 195 

T2 Dura 255 
2 mm 255 
3 mm 255 
4 mm 255 
5 mm 255 
6 mm 255 

T-3 Dura 25(1 
2 mm 250 
3 mm 250 
4 mm 250 
5 mm 250 
8 mm 250 

T-4 Dura 266 
3 mm 266 
6 mm 266 
9 mm 266 

Amplitude Depth/dura 
of  intra- amplitude 
cranial ratio 
event at at latency 
lateno~ qf of  dura 
dura fLTO0 
P300 (u V) 

F 45 
-- 92 - 2.04 
- IO0 2.22 
- 102 2.26 
F 65 

54 - [).83 
1 1 3  1.74 

- 31 --0.48 
- 1 1 7  , 1 , 8 0  

25 O.38 
+ 57 
4- 85 + 1,49 
+ 33 F0.58 
.... 74 1.30 
-- 1 5  - 0.26 
-- 31 - 0 5 4  
+ 39 
- 57 1.46 
- 127 3.26 
+ 6 +0.15 
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Fig. 5. A series of closely spaced (depthwise) intracranial re- 
cords from a site 2 penetration in cat T-2. The timing of the po- 
larity reversal in the depth records corresponds to the latency 
of the P300 recorded at the dura (vertical interrupted line) 
rather than the latency of the P300 recorded at the skull (ar- 
rows indicate latencies of corresponding P300s at the skull). 

tude is associated with the rare stimulus, but which 
does not necessarily occur at the same latency as the 

P300 recorded at the skull. 
In this study an emphasis was placed on collecting 

data from the middle of the marginal gyrus, site 2. 

However,  an attempt was made to determine the dis- 
tribution of the P300 recorded over a portion of the 

cortex by sampling electrical activity at several other 

locations (see Fig. 1). In T-1 the amplitudes of P300s 

recorded at the dura averaged between 28 and 33/~V 
for sites 2 through 5 while the amplitude rostrally in 
the marginal gyrus at site 1 was 20 ~V. In cat T-2 am- 

plitudes of P300s recorded at the dura were also, for 

the most part, closely grouped,  although the magni- 
tudes were substantially larger than in T-1. For sites 1 

through 4, P300 amplitudes averaged 60 to 70 ~V. In 

contrast, the P300 amplitude at site 5 averaged only 
35 gV. In the third cat the amplitude at site 5 was 
again smaller, averaging 37 ~V compared to 63 ~V 

from site 2. It is obvious that P300 components  can be 
recorded from the dura over a wide area of cortex 

without any consistent amplitude difference. More- 
over, a reversal of polarity of the dura positivity was 
seen at all recording sites as the electrode penetrated 
through the cortex. 

With respect to latency, a wide range of values was 
observed across dura recording sites, especially in cat 
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T-1. In this animal latencies ranged from as low as 

135 ms at site 4 to 268 ms at site 3, whereas the values 

at the skull were between 238 and 265 ms. In cat T-2 

the latencies at the dura varied from 235 to 315 ms. 
whereas at the skull the latencies were longer, rang- 

ing from 310 to 370 ms. In contrast in both cats T-3 

and T-4 the latencies of P300s recorded at the dura at 

sites 2 and 5 corresponded to those recorded from the 
skull. 

In three of four cats the amplitudes of P300s re- 

corded at the skull were about the same as amplitudes 
recorded at the dura. In cats T-l ,  T-2 and T-4 the am- 
plitudes at the skull/dura were 34/28, 60/61, and 

28/38~V, respectively. Only in cat T-3 was the differ- 

ence between skull, 100 uV,  and dura, 63/~V, sub- 
stantial. 

Latency as the sole criterion for defining a P300- 

like potential recorded from the brain is insufficient. 
It is necessary to demonstrate that potentials repre- 

sented in the depth records, as in the marginal gyrus 

in these experiments, reflect neural events underly- 

ing the P300 phenomenon.  Factors such as stimulus 

probability should have similar effects on skull and 
depth records if the correspondence is to be made. 

This is an important criterion for examples like the 
data from cat T-2, in which the latency of the polarity 
reversal differs substantially from the latency of the 

P300 recorded at the skull. That such an amplitude 

change can be obtained by manipulating the proba- 

bility of the rare stimulus is shown in Fig. 6 for two 

depth records from cat T-2, each representing a dif- 
ferent experiment. Also shown are the associated 

P300s recorded from the skull and the pupil re- 

sponses. 
Increasing the probability of the rare tone from 

0.10 to 0.40 was associated with an attenuation in the 
amplitudes of both the P300 recorded at the skull and 

the negative potential in the depth record. When 
measured at the latency of the P300 recorded at the 

dura (vertical interrupted line), the reduction in am- 
plitude at a depth of 3 mm (Fig. 6A) was 83%. The 

reduction in amplitude of the P300 recorded at the 
skull (arrows) was 63%. On another day (Fig. 6B) 
the amplitude reductions at a depth of 5 mm and at 
the skull were 57% and 48%, respectively. 

Table III  summarizes the results of changing stim- 

ulus probability. The amplitudes of the negative 
P300-1ike events recorded intracranially were meas- 
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Fig. 6. The effects of varying stimulus probability on event-re- 
lated potentials and pupillary dilation during two penetrations 
at site 2 in cat T-2. The continuous lines represent data ob- 
tained when the probability of the rare 1 kHz stimulus was 0.1. 
The interrupted lines represent data obtained when the proba- 
bility was increased to 0.4. Note the substantial reductions in 
both the amplitudes of the P300 recorded from the skull and the 
corresponding records obtained from within the marginal gyrus 
(3, 5 mm) as probability of the rare tone increased from 0.1 to 
0.4. The arrows refer to the latencies of the P300s recorded at 
the skull while the vertical interrupted line refers to the latency 
at the dura. In these examples there is also a decrease in the 
amplitude of the pupillary dilation response associated with in- 
creased probability of the rare tone. 

P u p i l  

ured at the latency of the P300 recorded at the dura. 

The results in Table I l l  show the anticipated reduc- 

tion in amplitude at both the skull and in the depth re- 

cords as probability of the rare stimulus is increased. 

There was no consistent change in the pupil re- 

sponse, that is, both increases and decreases in am- 

plitude were observed. 

Results of human studies have been interpreted as 

indicating that the hippocampus might be a generator  

TABLE IlI 

Changes in amplitude of 1°300 recorded at the ~kull, negative 
P3OO-like intacranial potential, and pupil dilatton as stimulus 
probability changes from O. 1 to O. ¢ 

Cat Record- Record- Amplitude Amplitude Amplitude 
ing ing change of change o/ change o/ 
site depth skull intra- pupil 

P300 (%) crania l  dilation 
potential (c;~ 

T-1 2 16mm -27 -64 +17 
T-I 5 16ram -20 --64 +17 
T-2 2 3 mm - 63 - 83 - / 9 
T-2 2 5 mm - 48 - 57 - 38 
T-2 3 8mm -43 -20 +II 
T-2 5 4 mm - 58 - 23 + I l 
72'-4 2 9mm - t 7  -41 -72 

of the P300 recorded from the scalp 13.1527. Accord- 

ingly, in three cats penetrations were made through 

the posterior suprasylvian gyrus (site 5) and into the 

region of the hippocampus. These penetrations re- 

sulted in polarity reversals and steep voltage gradi- 

ents at levels corresponding to the hippocampus and 

associated structures. Since the recording sites were 

not the same across animals, the pattern of polarity 

shifts differed from cat to cat. The evoked potentials 

for both frequent and rare stimuli for the experiment 

in cat T-3 are shown in Fig. 7. The interrupted lines 

indicate the latency of the P300 recorded at the dura. 

Arrows indicate the latencies of the corresponding 

P300s recorded at the skull. The first several records 

(2-8  ram) associated with the rare stimuli show a po- 

larity reversal similar to that seen in marginal gyrus 

tracks at the vertex. Deeper,  at 16-20 ram, a nega- 

tive-positive-negative sequence of polarity changes 

was observed. The steepness of the voltage gradients 

is underscored by the fact that the 18 mm record 

would be four times as large as shown here if drawn 

to scale. 

It is obvious from Fig. 7 that the peak amplitude in 

the depth records, whether negative or positive, oc- 

curs, for the most part, earlier than the latency of the 

P300 recorded at the dura. The latencies of P300s re, 

corded at the skull rather closely approximate peaks 

in the depth records at several levels (8, 12, 16 and 18 

mm), but not all. In particular, the peaks in the more 

superficial records occur much earlier than the corre- 

sponding P300 recorded at the skull. Table IV con- 
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Fig. 7. A series of mtracranial potentials evoked by both fre- 
quent and rare stimuli as the electrode passed through the su- 
prasylvian gyrus (site 5) to the hippocampus. The skull records 
represent an average of all the skull potentials obtained during 
this penetration. The latency of the individual P300 recorded at 
the skull corresponding to each intracranial record is shown by 
an arrow. The interrupted lines indicate the latency of the P3(10 
recorded at the dura. The most superficial records (2, 4, 6 mm) 
show a polarity reversal of the dura P300. At deeper levels in 
the brain, corresponding to the region of the hippocampus 
(t> 12 mm), a negative-to-positive-to-negative sequence of po- 
larity changes is seen. Potentials of especially large amplitude 
were obtained in this region (16, 18 ram). Note the change in 
calibration at the 16 mm and 18 mm depths. 

tains the  d e p t h / d u r a  a m p l i t u d e  ra t ios  ca lcu la ted  at 

the  la tenc ies  of  the  P300s r e c o r d e d  at b o t h  the  du ra  

and the  skull. U n l i ke  the  marg ina l  gyrus  p e n e t r a t i o n s  

s u m m a r i z e d  in Tab le s  I and  II, h e r e  it is the  P300 re- 

co rded  at the  skull which  s e e m s  to be  m o r e  closely re- 

la ted  t e m p o r a l l y  to  the  p e a k s  in the  d e p t h  r eco rds  at 

the  level of  the  h i p p o c a m p u s .  A l t h o u g h  the  rat ios  

agree  in sign excep t  for  the  first  two  m e a s u r e s ,  the  ra- 

tio d e t e r m i n e d  at the  l a tency  of  the  P300 r e c o r d e d  at 
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TABLE IV 

Amplitudes of intracranial potentials measured at latencies of 
both skull P300 and dura P300 

lntracranial Latency of Amplitude of Depth/dura 
depth skull P300 intracranial amplitude 

(ms) event at ratio at 
latency of latency of 
skull P300 skull P300 
(~,v) 

Dura 237 + 16 
2mm 237 - 19 - 1.18 
4mm 232 - 18 - 1.13 
6ram 242 - 72 - 4.5 
8mm 234 - 53 - 3.3 

12mm 229 - 186 - 11.6 
16 mm 250 - 186 - 11.6 
18 mm 242 +393 +24.6 
20ram 248 - 133 - 8.3 
22ram 268 - 65 - 4.1 
24ram 295 - 26 - 16 

Latency Amplitude of Depth/dura 
of d u r a  intracranial amplitude 
P300 (ms) event at ratio at 

latency of latency of 
dura P300 dura P300 
O,V) 

Dura 284 + 34 
2 mm 284 + 23 +(1.67 
4 mm 284 + 22 +0.64 
6mm 284 - 48 -I .41 
8 mm 284 - 43 1.26 

12 mm 284 - 124 - 3.65 
16 mm 284 - 180 - 5.29 
18 mm 284 +208 +6.12 
20 mm 284 - 85 2.5 
22 mm 284 - 56 - 1.65 
24ram 284 - 32 -0.94 

the  skull is larger  than  the  ra t io  d e t e r m i n e d  at the la- 

t ency  of  the  P300 r e c o r d e d  at the  dura  at every  level. 

T h e r e f o r e ,  it is the  f o r m e r  which  m o r e  clearly r ep re -  

sents  the  d eg ree  of  po la r i ty  and  amp l i t ude  change  

which o ccu r r ed  in the  d e p t h  records .  The  resul ts  

f rom T-2 were  s imilar  to  T-3 in tha t  P300s r e c o r d e d  

f rom the  skull w e r e  m o r e  closely r e l a t ed  t empora l l y  

to peaks  in the  d e p t h  r eco rds  than  w e r e  P300s record-  

ed  f rom the  dura .  The  da ta  f rom cat T- 1 was ambigu-  

ous.  It was no t  c lear  which  of  the  P300s c o r r e s p o n d e d  

m o r e  closely to the  peaks  in the d e p t h  records .  Like 

the  da ta  d e p i c t e d  in Tab les  1 and  II. these  resul ts  un- 

de r sco re  the  ex t en t  to which  la tenc ies  of  P300-1ike 

c o m p o n e n t s  r e c o r d e d  wi thin  the  brain  may  or may  

not  c o r r e s p o n d  closely to the  la tenc ies  of  P300s re- 

co rd ed  at the  dura  or  skull. 
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DISCUSSION 

The major finding to emerge from this study is the 
reversal of polarity of a P300-1ike potential recorded 
at the dura when the recording electrode was posi- 
tioned within 6 mm of the surface. This occurred over 

a broad strip of cat cortex, including the marginal and 
suprasylvian gyri. The fact that P300s recorded from 

the skull replicated well while the electrode was ad- 

vanced into the brain indicates that the polarity re- 

versal reflected a change in the position of the elec- 

trode with respect to the location of a generator rath- 

er than to a major change in the activity of the gener- 
ator itself. The reversal of polarity suggests that the 

electrode passed through a dipole generator oriented 
roughly parallel to the electrode track. Considering 

the relatively superficial depths at which polarity re- 

versals were obtained, the logical site for such a P3(X) 

generator would be the cortex itself. 
In an earlier study Farley and StarrT, s recorded the 

cat P300 from an array of fixed skull electrodes, The 

largest P300 amplitude was obtained from the center 

of the array at the vertex. Although slightly off the 
midline site 2 in the present study corresponded 

closely to Farley and Starr's central recording site. 

Our attention was focused on this site initially be- 

cause it seemed to offer the highest probability of ob- 
taining an intracranial polarity reversal. However, 

Farley and Starr's results also showed that the de- 

crease in amplitude associated with recording from 
electrodes immediately surrounding the central site 

was not great. Their electrodes were spaced 11 mm 
apart. Recording sites 1, 3, 4 and 5 in the present 

study were no more than 11 mm from site 2. It is not 
surprising, therefore, that the amplitude of P300s re- 

corded from the dura at these locations did not con- 
sistently differ much from the amplitude of the P300 

recorded from the central site 2 position. The occur- 
rence of a P300 at the dura over a wide area of cat 
cortex and the relative similarity of amplitude across 
dura recording sites are both consistent with Farley's 

results. 
Human studies have shown that increasing the 

probability of the rare stimulus causes a decrease in 
the amplitude of the P300 (refs. 5,14,22-24,26). Ear- 
lier work 30 in our laboratory produced the same re- 
sult for the cat P300 recorded from the skull and is 
substantiated by the present study. In addition we 

have presented evidence that the amplitude of the 

negative potential obtained superficially within the 
brain at sites 2 and 3 in the marginal gyrus and site 5 
in the suprasylvian gyrus is also reduced by increas- 
ing stimulus probability. No probability tests were 

conducted at sites 1 and 4. In our view it is important 
that a reduction in amplitude of an intracranial com- 

ponent occur when probability of the rare stimulus is 

increased if the component does in fact reflect activ- 
ity of a P300 generator. 

Depth records from the region of the hippocampus 
contained components which occurred at the latency 

of the P300 recorded at the skull and manifested a 

large amplitude in response to the rare stimulus. The 
multiple polarity reversals of these components ob- 
served as the electrode traversed the limbic struc- 

tures are consistent with the location of a P300 gener- 
ator in the region of the hippocampus. Moreover, the 

complex arrangement of dendate gyrus, hippocam- 

pus, and parahippocampal gyrus provide an anatom- 
ical substrate consistent with our observations. De- 

pending upon the angle of penetration an electrode 
could easily traverse successive layers of cortex, If a 

dipole generator were distributed across these corti- 

cal layers, the result would be multiple polarity re- 
versals, as we have observed. No attempt was made 

to vary stimulus probability while records were being 
obtained from this area. 

Depth recording in human subjects suggest that 

the hippocampus, parahippocampal gyrus, and 

amygdala could be involved in generating the P300: 

Large P300-1ike potentials manifesting steep voltage 
gradients and polarity reversals across recording sites 
have been reported 13,~5.27. In one study single unit act 

tivity from these structures also correlated with the 

behavior of the potentials 13. The hippocampus has 

also been implicated using the analysis of magnetic 

fields associated with ionic current flow in the 
brain 20. In contrast substantial excisions involving 

these structures failed to reduce the P300 recorded 
from the scalp 33. Also, on the basis of intracranial re- 
cords other investigators 34 argue for a thalamic origin 
of the human P300. In an animal study j~ P300-1ike 
potentials have been recorded from the cingulate 
cortex and anterior thalamus of the rabbit. Clearly 
more effort is needed in animal subjects to identify 
possible subcortical generators of the P300. 

If the cat P300 originated from a single source, it 
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would be expected that  the latencies of P300-1ike 

potentials  recorded from the skull and various intra- 

cranial locations would be very near ly  identical be- 

cause of the instantaneous transmission of potent ia ls  

by volume conduct ion 17. However ,  in the present  

study P300-1ike potent ials  from the skull,  dura,  and 

depth records often differed substantial ly in latency. 

We suggest that  these latency dispari t ies reflect the 

existence of mult iple generators  of the cat P300. The 

same point has been made  with respect  to human 

data 32. Evidence has been presented  in this study for 

at least two possible generators ,  a large area of cor- 

tex including the marginal  and suprasylvian gyri and 

the region of the hippocampus.  

If multiple sources contr ibute  to the cat P300, sum- 

mation and cancellat ion of activity from different  

generators  would be expected at each recording site 

and complex changes in the evoked  potent ia ls  could 

occur with relatively small movements  of the elec- 

t rode 31. This could explain the substantial  latency 

and polari ty differences among records from differ- 

ent recording sites often observed in this s tudy and 

underscores  the impor tance  of using functional  crite- 

ria. as opposed  to simply latency and polar i ty  crite- 

ria, to de termine  whether  an intracranial  componen t  

is related to the P300. What  is essential is that the in- 

tracranial  component  be differentially sensitive to 

rare, task relevant  stimuli, as is the P300 recorded  at 

the skull. In this regard it is useful to increase the 

probabi l i ty  of the rare stimulus and look for a dimin- 

ished ampli tude in the intracranial  P300-1ike compo-  

nent. 

To the best of our knowledge a reversal  of polar i ty  

of a P300-1ike potent ia l  at the cortical level in ei ther  

human or animal studies has not been repor ted  else- 

where.  In part this may reflect the l imited extent  of 

P300 studies in animals, Species differences may also 

be involved. In addi t ion the P300 from a classically 

condi t ioned,  paralyzed prepara t ion  may not  be di- 

rectly comparable  to P300s ob ta ined  under  o ther  cir- 

cumstances 7. 

While  the results of this study suggest that  a large 

area of cat cortex and the h ippocampal  region con- 

tr ibute to the generat ion of the cat P300, certain con- 

siderat ions limit this in terpreta t ion.  Conceivably,  an 

e lect rode could pass outside of the region of an active 

genera tor  containing a dipole layer,  yet penet ra te  at 

an angle more or less paral lel  to the or ienta t ion of the 

dipole and still record  a reversal  of polar i ty  of a P300- 

like component .  Presumably the ampl i tude  of the 

component  would be less than if the e lect rode had 
pene t ra ted  the active region.  This suggests the im- 

portance of closer spacing of recording sites to speci- 

fy more exactly the locations of the generators  of 

P300-1ike components .  Also ,  it should be noted that 

even if a subcortical  component  closely resembles  a 

component  recorded at the surface (dura or skull),  it 

may actually contr ibute  little or nothing to the sur- 

face potent ia l  TM. Finally,  the recording of P300-1ike 

single unit activity from suspected genera tor  sites as 

well as ablat ion studies involving those structures are 

needed to cor robora te  the results of the present  

study. 
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