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1. INTRODUCTION 

Recent developments in electronics have given ac- 

cess to new dimensions in the study of brain activity. 

Arrays of preamplifiers make it possible to record si- 

multaneously from large numbers of electrodes or 

optical sensors placed on or in the brain; computers 

enable reduction and display of the immense quanti- 

ties of data that rapidly accrue, and they provide the 

tools for constructing and testing heuristic dynamic 
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models of brain systems. As with any new technology 

such as electrocardiography, X-ray imaging, electron 

microscopy, tomography and so forth, several years 

of experimentation are required to explore its possi- 

bilities, the kinds of patterns it reveals, and what they 

might mean. Large series of images are necessary to 

give observers a sense of familiarity and confidence 

in what they see or do not see. New subsidiary tech- 

niques are needed for electrode design and manufac- 

ture, for preparation of animals to give access to re- 

cordings, and for data collection and processing. 

Standardized experiments are required to serve as 

benchmarks, and rules of evidence or criteria for the 

validity of data must be formulated. An appropriate 

nomenclature and convenient set of conventions for 

graphic display must be agreed upon. 

Most importantly, a body of theory must be devel- 

oped as the basis for correct processing, display, 

evaluation and interpretation of these new data. 

Present technology has already let loose a flood of 

new data and provided sophisticated devices for 2-D 

display of various facets, but the major problem is to 

develop some expectations of what the data should 

reveal. The situation is analogous to that of arche- 

ologists faced with an undeciphered written lan- 

guage; only by deducing some underlying rules from 

the specimens and their functional context can they 

distinguish meaningful form from adventitious arti- 

fact, or ‘signal’ from ‘noise’. For neurophysiologists 

this means that a curve or a surface, which is the pre- 

diction of a model such as the solution of a set of 

equations, must be fitted to the processed data. The 

specification is: ‘This is what the data ought to look 

like, if what we believe is valid.’ If the agreement is 

poor. either the belief is changed or the data are 

processed in a different way. Although non-scientists 

commonly suppose that disagreement is cause for re- 

jection of a theory, the usual outcome in good science 

is disclosure of an artifact or deficit in data process- 

ing. 

This essay contains a review of procedures for col- 

lecting and processing multiple electroencephalo- 

grams (EEGs) from the olfactory bulb and cortex of 

the cat and rabbitss. some examples of the data, some 

theoretical bases for interpreting them, and some of 

the implications for understanding bulbar function in 

olfactory perception32, learning5 and imprinting51. 

These topics are relevant for electroencephalogra- 

phic studies of other brain systems and species and 

for the data accruing from multichannel optical re- 

cordings of tissues impregnated with voltage-sensi- 

tive optical probes@. They will become relevant for 

spatial analysis of magnetoencephalograms and mi- 

croelectrode unit activity as technical developments 

allow use of adequate numbers of channels. 

Spatial analysis requires a sufficient number of 

channels at close enough intervals so that the spatial 

texture and pattern of activity can be observed in or 

over a contiguous part of the brain. Description of 

the receptor field of a single neuron does not qualify, 

because this does not reveal the spatial activity pat- 

tern within the receptor layer or in the nucleus or cor- 

tical area to which the neuron belongs. Likewise, the 

collection of EEGs from selected scalp placements 

does not qualify; at best this provides a sample for 

correlation analysis of activities from different brain 

structures. Some early examples of spatial analysis 

are the derivation of phase gradients for the alpha 

rhythm in humans by Walterr in 1953, and the dis- 

play of spontaneous and click-induced waves in the 

anesthetized cat by Lilly and Cherry69 in 1955. Low- 

resolution spatial images of scalp-recorded EEG ac- 

tivity from humans with 16-32 electrodes are now 

commonplacetr. Summaries of reports on EEG spa- 

tial analysis over the past 3 decades and on the under- 

lying volume conductor theory are in several mono- 

graphs: Plonseys9 (Ch. 5), Freeman25 (Ch. 4), Liva- 

nov7” (Ch. l), and Nunez*h (Ch. 7). Other reviews 

cover the technical procedures of EEG spatial analy- 

sis35 and its implications for philosophy”7 and artifi- 

cial intelligence’. We interpret our results in the lan- 

guage of non-linear dynamics, but our underlying 

theory is that of axons, dendrites and synapses devel- 

oped by Sherrington, culminating in his 1929 concep- 

tion of the central excitatory stateY6. We label our view 

‘neo-Sherringtonian’ in order to emphasize the 

emergence of our insights from our investigations of 

the properties of neurons rather than the properties 

of our mathematical tools. 

2. SPATIAL ANALYSIS IN THE OLFACTORY BULB 

2.1. Prior evidence. The rationale for undertaking 

spatial analysis was to test the hypothesis of Adrian2 

and LeGros Clark% that some aspects of olfactory re- 

sponses to odors might be spatial. The hypothesis 
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was based mainly on the structure of the olfactory 
system, consisting of a sheet of receptors transmitting 
in parallel to a cortical sheet of neurons in the bulb, 
and this in turn to other laminar structures compris- 
ing the olfactory cortex. By analogy to other sensory 
systems the sensory quality of a stimulus was thought 
to be conveyed by the selection of receptors in an ar- 
ray and intensity by the rates of firing on the selected 
axons. Preliminary results from microelectrode re- 
cording of unit activity in the bulb of the anesthetized 
hedgehog suggested that neurons responding prefer- 
entially to certain odors might be spatially segre- 

gated. 
Substantial evidence has now accrued from several 

species showing that single neurons at all levels of the 
olfactory system including the mucosais.s5, 
bulb@X67773,7s, piriform cortexso. and orbitofrontal 

cortex81.1~ respond selectively to presentation of 
odorants over relatively narrow ranges of concentra- 
tion with excitation, concentration specific” or non- 
specific15 inhibition, or complex patterns109 of firing. 
The specificity of responding is poorly defined, in the 
sense that each neuron tested tends to respond to 
multiple odorant@. This cross-reactivity holds also 
at all levels, so that olfactory neurons might be said to 
be broadly tuned with no evidence for narrower tun- 
ing at more central levels. In the terms of Edelman*i 
the ‘coding’ is ‘degenerate’ as distinct from ‘labelled 

line’. Despite suggestive evidence from genetics and 
selective anosmias3 there is no agreement on the 
numbers of primary odors in olfaction analogous to 
colors in vision, except that, if they exist at all, and 
they need not, they might range from, 20-30 to as 
many@ as 500. 

Neurons responding similarly to the same odorant 
or set of odorants tend not to be homogeneously dis- 
tributedrs,Ql** in the olfactory mucosa and bulb. Evi- 
dence from recording configurations of locally 
summed receptor slow potentials in the rnucosa’~ and 
of retention times of odorantss-f also indicates that 
different odorants establish different spatial patterns 
of activity in the mucosa. The topographic order that 
exists in the primary olfactory nerve from the mucosa 
to the bulb*s@ indicates that spatial pattern differ- 
ences between odorants should exist in the bulb as 
well. Prolonged exposure to an odorant has led to se- 
lective degeneration of mitral and tufted cellsi7, that 
might reflect induced odor-specific activity patterns. 

Regional differences in metabolic activity during 

prolonged odor exposure have been demonstrated 
with 2-deoxyglucose in the glomerular layer of the 
bulb14.58.64.65.94.98,99. These latter approaches have 
not yet had adequate controls done for individual 

variability; they permit only one odorant for each 
subject. Nevertheless, the cumulative results lead to 

the prediction that when two odorants are presented 
to an animal on randomly interspersed trials, the 
neural activity induced in the bulb should co-vary be- 
tween two distinctive spatial patterns that are corre- 
lated with the odors. This is not to say that odorant 
information is ‘encoded’ in the patterns or that other 
aspects of the neural activity are unimportant. It is to 
say that the spatial patterns should exist, and the 
forms and the conditions in which they are found 
should be interesting. 

Four experiments are described here that were 
done over the past 12 years. Each yielded some es- 
sential insights, that cumulatively led to a coherent 
picture, although in no case were the results fully 
consistent with the initial predictions. The conditions 
in which all of the experiments were done included 
(a) use of multiple electrodes with simultaneous re- 
cordings, (b) chronic implantation with recording af- 
ter surgery from animals in aroused or motivated 
states and (c) observation of spatial patterns in time 
periods corresponding whenever possible to single 
inhalations without ensemble averaging. These con- 
ditions were based on our expectation that the most 
interesting patterns would be those found in animals 
that were in near-normal states of behavior and were 
responding to the odors in a goal-directed manner. 

2.2. ~uftiunir recording. The first experiment25 
was done with ten 4O-micron wire electrodes at- 
tached to a shaft at intervals of 0.1 mm along a line 1 
mm in length. The device was inserted with a minia- 
ture stereotaxic drive clamped to a stainless steel well 
previously mounted surgically and filled with agar 
over the exposed dorsal bulb. The minimally re- 
strained rabbits were deprived of food 24 h before 
each recording session and fed immediately thereaf- 
ter. Odorants were presented in solution with a cot- 
ton pledget held before the nose to induce explorato- 
ry sniffing, after the electrodes were placed from 
above into the external plexiform layer (EPL) paral- 
lel to the mitral cell layer. Ten preamplifiers, high 
and low pass filters, threshold detectors, and pulse 



shapers and 12 oscilloscopes were used to record 

units and the EEG. along with a pneumograph trace 

and an EEG trace recorded monopolarly with re- 

spect to the nasal bones from a permanent electrode 

in the bulbar interior. The 22 traces were multi- 

plexed, digitized and stored in core and then on tape. 

The results showed that spatially there were 

marked inhomogeneities in the amounts of unit activ- 

ity observed in different parts of the bulb. Two re- 

gions roughly 2-3 mm across were repeatedly found 

to have the greatest activity, one in the ventromedial 

quadrant and the other in the mid-lateral wall of the 

bulb. No region of the EPL was silent, but minimal 

activity was found in the dorsal wall. Regular fluctua- 

tion with inhalation was the rule; an audiomonitor 

gave the sound of surf. Activity broadly increased 

with episodes of behavioral arousal and exploration, 

and it decreased with apathy and torpor. No relation- 

ships were identified between unit activity and odor- 

ants. 

On the one hand we concluded that the sample 

from 10 electrodes was far too small to discern the 

spatial patterns of bulbar activity, and that technical 

difficulties would preclude adding more channels. 

On the other hand we observed consistent positive 

correlations between the amounts of unit activity and 

the amplitude of the entire spectrum of EEGs (cor- 

rected for depth position with respect to the bulbar 

dipole) in respect to location in the EPL, respiratory 

fluctuations and changes in motivated behavior. Sta- 

tistical analysis demonstrated that the firing probabi- 

lities of single cells and the relative frequencies of 

multiple units oscillated at the same peak frequency 

as the EEG near the same part of the bulb. From our 

understanding25 of the mechanism by which the EEG 

was generated we concluded that spatial analysis 

should be done with the EEG prior to further work 

with units, in order to define sample spaces for unit 

analysis. 
2.3. EEGs from naive animals. The second exper- 

iment*Q7 was done with prefabricated arrays of elec- 

trodes surgically placed epidurally onto the lateral 

face of the bulb. Two types were used. One was a set 

of 64 wires, 0.1 mm in diameter along a line 6.4 nun 

on the surface. The 1-D Fourier transform was done 

on single measures after linear extrapolation to car- 

rect for the digitizing delay (10 &read or 0.64 ms/ 

frame) and on root mean square (rms) amplitudes of 

EEG segments 100 ms in duration. A cut-off fre- 

quency was identified at 1.0 c/mm above which no 

spectral peaks occurredlh; this was consistent with 

the spatial passband of the granule cell field potential 

generator. that was calculated from a volume con- 

ductor model. The other type” was an 8 x 8 or 6 x 10 

array of 0.25 mm wires with spacings of 0.5 or 0.8 mm 

that was guaranteed by data from the linear electrode 

to minimize aliassing. Recordings were made in the 

behavioral conditions already described; sets of 64 

traces were displayed in rasters with a pen plotter. 

The outstanding feature of these sets was the com- 

monality over the array of the EEG wave form. The 

typical pattern of bulbar traces in aroused animals 

(Fig. 1) was a slow wave closely related to respiration 

(surface negative with inhalation) and a burst of os- 

cillation in the gamma range (35-90 Hz in the rabbit) 

on each crest of the respiratory wave. This pattern 

was common to all channels. Each burst had the same 

number of peaks and zero crossings. Hence each 

burst could be described by its peak frequency from 

the FFT and by 64 x 1 matrices of rms amplitude and 

of phase with respect to the ensemble average phase 

calculated by time-lagged correlation. In considera- 

tion of the observed spectral peak frequencies the 

Fig. 1. A: the lower trace shows the EEG from the surface of 
the olfactory bulb in a hungry rabbit; the upper trace shows res- 
piration measured by a pneumograph. The characteristic EEG 
pattern is a burst at 60-70 Hz with inhalation (upward) super- 
imposed on a respiratory wave (negative downward). B: the 
lower trace shows the EEG from the bulbar surface in a cat un- 
der light chloralose anesthesia and with a tracheotomy. The up- 
per trace shows the airflow pulled through the nose (deflection 
upward) with a respirator attached to the distal end of the tra- 
chea. The respiratory wave was filtered from the EEG. The 
bursts depended on air flow and not on centrifugal input to the 
bulb from the respiratory centers, because the respiratory rate 
was about twice that shown for the nasal air flow. 
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temporal digitizing interval was increased from 1 to 
2.5 ms. In further off-line editing only the bursts were 
saved. These steps reduced the data by nearly 2 or- 
ders of magnitude and for the first time provided rou- 
tine spatial overviews. The 8 x 8 matrices of single 
frame or rms amplitudes and phases were displayed 

by contour plots with second order extrapolation or 

by density plots, either printed on paper or displayed 
on an oscilloscope in the form of movies. 

We papered the walls of the laboratory with these 
plots, discovering that each animal had its character- 
istic spatial patterns of phase and amplitude, that like 
signatures were easily recognized but never twice 
identical27 (Fig. 2). Bulbar amplitude patterns took 
the form of foci with haIf-amplitude diameters aver- 
aging about 2 mm, with irregular borders, and with 
the centers in or presumably just outside of the array. 
The 8 x 8 arrays were always fixed with the posterior 
edge at the posterior border of the lateral bulb and 
the anterior edge over the middle third (see Fig. 8). 
Thus, the EEG foci were located at a position corre- 
sponding approximately to one of two locations of in- 
tense activity in the bulb identified by unit recording 
and the 2-deoxyglucose method. These loci, inter- 
connected by associational fiber@, also corre- 
sponded to regions of small glomeruli, small mitral 
cells and high neural density analogous to retinal fo- 
veae’s. 

The details of the shapes of foci varied erratically 
and unpredictably, as did the mean rms amplitude 
from each burst to the next. The bulbar phase pattern 
took the form of a gradient averaging 0.25 ra- 
dians/mm with a range of values roughly + 0.45 radi- 
ans over the array, but the orientation of the gradient 
with respect to the array varied randomly around the 
clock on successive bursts. This contrasted with pat- 
terns from the prepyriform cortex, which showed 

c 

Fig. 2. The upper frames show perspective contour plots in mi- 
crovolts of the root mean square (rms) amplitude of EEG 
bursts from 6 X 10 arrays of 60 electrodes at 0.8 mm spacing (4 
X 7 mm). The lower frames show the plots of phase in radians 
with respect to the ensemble average. A: plots from a burst at 
59 Hz from a hungry cat with the array on the lateral surface of 
the bulb; anterior is upward and dorsal is to the right. The am- 
plitude pattern was relatively constant across bursts; the Ioca- 
tion of the phase maximum or minimum and the direction of the 
phase gradient varied at random across bursts. B: plots from a 
burst at 65 Hz from a hungry rabbit with the array on the prepy- 
riform cortex and olfactory nucleus; dorsal is upward and pos- 
terior is to the right. The lateral olfactory tract ran under the 
middle of the array parallel to the long edge from left to right. 
The phase gradient was consistent with the 5 m/s conduction 
velocity of this main segment of the tract and with the 2 m/s ve- 
locity of the terminal segments to either side. The maximal am- 
plitudes occurred on both sides of the tract at locations that 
were relatively stablez7 unless the animals were conditioned. 
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muitiple peaks of amplitude like islands eccentric to 

the lateral olfactory tract (LOT) and a phase gradient 

consistently in the direction of the LOT, that was 

compatible with its conduction velocity (from 5 down 

to 2 m/s in these segments). 

Up to 24 odorants were presented to each animal, 

and odor bursts were recorded, processed and com- 

pared with control bursts. In no instance were consis- 

tent differences either in phase or in amplitude found 

to depend on odorants. The amounts of difference 

between control and test odor bursts did not exceed 

the differences between pairs of control bursts, al- 

though the animals were commonly observed to sniff 

to the odorants. 

2.4. EEGs under serial conditioning. Previous 

studies of olfactory EEGs repeatedly showed that the 

major behavioral correlates were between EEG am- 

plitudes and the levels of arousal, motivation and at- 

tentionzs. We inferred that detection of an EEG pat- 

tern difference with an odorant might require us to 

train animals to respond to the odorant. Also, we 

wished to control for possible selective anosmias. In 

the third experiment39 we used classical aversive con- 

ditioning by pairing each presentation of an odorant 

as a conditioned stimulus (CS+-) with a brief electric 

shock to the paw or cheek (UCS). The odorant was 

delivered with a dilution oifactometer~(’ and automa- 

ted solenoid valves into a steady air stream for 3 s. 

with the UCS given 2.5 s after odor onset. The condi- 

tioned response (CR) was measured by the rate of 

occurrence of sniffing over sets of 10 trials relative to 

background sniff rate. While not entirely convention- 

al, this autoshaped response had the advantage of be- 

coming clearly established well within 10 trials in a 

session16.41, as compared with other CRs such as paw 

flexion and nictitating membrane retraction that took 

several sessions to reach criterion. Rapid learning 

was urgently needed in order to minimize the quanti- 

ty of EEG data. 

In the first session with each of 6 rabbits a differ- 

10-4-76 t%tY I Fl24 
A 

11-19-76 AMYL ACETATE D 

IO-IO-76 FAMILIARIZATI~ 8 

12-14-76 BUTYL ALCOHOL. 1F 

(O-13-76 SAWDUST 
c 

2-15-77 SAWDUST F 

Fig. 3. The contour plots are shown for the mean EEG rms burst amplitude from a trained rabbit over a period of 4 months. In main 
outline the focus was sufficiently stable to serve as the ‘signature’ pattern characteristic of this animal. Without conditioning such pat- 
terns remained unchanged for months. Under aversive or appetitive conditioning they changed with each new set of stimulus-res- 
ponse contingencies. Examples are shown of 5 such changes with classical aversive conditioning as well as familiarization to the re- 
cording apparatus. Presentation in the last stage of the odorant ‘sawdust’ used in the first stage did not result in return to the EEG pat- 
tern of the first stage3g. 
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ence was found in the spatial pattern of amplitude be- 
tween the contour plots of the ensemble averages of 
odor bursts and the control bursts preceding them. 
These differences did not appear to be statistically 
significant under Hotelling’s T2, linear discriminants, 
or various types of cluster analysis. An empirical test 
emphasizing the tails of the distributions was de- 
vised, which consisted of computing the 64 t-values 
for the channel mean differences between 10 control 
and 10 odor bursts, and calculating a ~2 value for the 
experimental r-distribution against Student’s t-distri- 
bution. Control-control E-distributions were found to 
conform to the latter. The distribution of ~2 values 
was formed for 1180 control-control comparisons 
from 11,800 pairs of control bursts, and a 97.5% up- 
per limit was defined. Then any control-odor com- 
parison exceeding that limit (e.g. x* = 100) was infer- 
red to reflect a significant difference for that session, 
CS+ odorant, and animal (Fig. 3). 

The pattern differences were significant for all ani- 
mals in the first session, but by the third session they 
were not. The spatial patterns had evolved to new 
forms with return to the previous low levels of vari- 
ance. A new CS+ was presented in the 4th session, 
and again in the 7th, each time with emergence of a 
significant difference followed by re-stabilization of a 
new pattern by the 6th and 9th sessions. Return in the 
10th session to the CS+ used in the first session gave 
another replication with appearance of a new pattern 
and not the pattern seen with the same CS+ in the 
first session. The pattern changes did not accompany 
repeated odorant presentations without rein- 
forcement (CS-) nor presentations of the UCS 
paired with visual and auditory CS+s. 

These results showed that expectancy and its mod- 
ification by learning played a role in bulbar EEG pat- 
tern formation for odor CS+s. They left unanswered 
the questions how the pattern might differ depending 
on the presence or absence of the odorant (clearly 
the animaIs detected the CS+ odorant, usually in a 
single inhalation, even though the control and odor 
bursts did not differ significantly), how an unex- 
pected odorant leading to behavioral responses 
might affect bulbar patterns, and how expectations of 
two or more odorants might be reflected in bulbar ac- 
tivity patterns. 

2.5. EEGs under discriminative conditioning. In 
the fourth experiment105 we used classical appetitive 

conditioning by depriving rabbits of water for 24 h, 
pairing 1 ml of water with an odor CS+ and not with 
an odor CS- on randomly interspersed trials, and 
measuring both the sniff CR- (to the CS-) and the 
jaw movement CR+ (to the CS+) as a part of the 
licking response detected electromyographically. 
The hypotheses were tested that (a) between the 
times of onset of the sniff signifying detection of an 
odorant and of the CR+ (if any), odor-specific infor- 
mation existed in the bulb as the basis for decision, 
(b) that this information would be detectable as a dif- 
ference in spatiotemporal patterns between bursts 
with the CS+ and CS- odorants and (c) that both pat- 
terns would differ from a pattern C+ and C- charac- 
terizing a homogeneous control state preceding the 
odorants. The test was to measure the bursts and to 
use the numbers to classify bursts in respect to stimu- 
lus condition. A positive outcome would be correct 
classification of CS+ and CS- bursts above chance 
levels and not of C+ and C- bursts. Initially, the test 
was restricted to trials on which correct CR+ and 
CR- responses had occurred and to the 4 of the 5 sub- 
jects that showed significant behavioral evidence for 
odorant discrimination. The data were taken from 
the 4th-6th session for development of the measure- 
ment and classification procedures. 

The matrices of rms amplitudes sufficed to distin- 
guish control from odor bursts but not CS+ from CS- 
bursts. More accurate measurements were made by 
fitting curves to the 64 traces of each burst. The tech- 
nique was (a) to form the ensemble time average of 
the 64 traces, (b) to calculate its spectrum with the 
FFT, (c) to make initial guesses of the frequency and 
phase of a cosine from measurements on the peak of 
the spectrum, (d) to fit the cosine to the ensemble 
time average using non-linear regressionW6, (e) to 
optimize estimates of the amplitude, frequency and 
phase of a cosine both amplitude- and frequency- 
modulated linearly over time, (f) to subtract the 
fitted curve from the data and (g) to repeat the proc- 
ess 4 times. The sum of these 5 fitted curves incorpo- 
rated 97% of the variance of the ensemble average. 
Then (h) the frequency and the modulation parame- 
ters were fixed, and the amplitude and phase were 
determined by regression for each of the 64 traces. 
This incorporated about 80% of the variance of the 
bursts. Thereby the 64 EEGs of each burst were de- 
composed into parts35.40. 
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As in a chemicaf separation procedure, aft of the 
parts (the amplitude and phase matrices, the set of 
frequency measurements, and the matrices of residu- 
als) were tested in turn for efficacy in classification. 
The simplest effective test for each set of matrices 
was to caicufate in 64~space a centroid for the C+, 
C-, CS+ and CS- bursts, to classify as “correct’ each 
CSC and CS- burst for which the EucIidean distance 
from its point in H-space to its own centroid CSi or 
-i-- LS- was shorter than to that opposing, similarly to 

classify the C+ and C- bursts with respect to the C+ 
and 7;1-‘ centroids, and then to subtract the % ‘cor- 
rect’ control bursts from the % ‘correct’ odor bursts. 
This percentage difference measure served as a 
“touchstone’ to locate odor-specific ~~forrnat~~~ and 
ta optimize the following 4 procedures for its extrac- 
tion. 

Systematic testing showed that the only fraction 
containing odor-s~e~fi~ information was the matrix 

FILTER CUT-OFF, C/MM 

Fig. 4. The ordinate shows the classificatian efficacy of a Eucli- 
dean distance measure (see text) applied to B total of 418 bursts 
from 4 rabbits trained to discriminate a CS+ from a CS- odor- 
ant. It is expressed as the difference between the percentage of 
odor bursts correcdy classified with EEG measurements minus 
the percentage of controf bursts “correctiy’ classified [erg. 
X%-5ti%) on the premiss that control bursts C+ and C- from 
pre-stimufus intervals were not s~~if~cant~~ ~fferent. The 
abscissa shows the cu~ff frequency (3 dB fail-off) of a 2-D 
spatial N-th order exponential fifter apphed to the ampktude 
matrices of the dominant EEG components in tke spatial fre- 
quency domain. The data at the rigkt show that removing high 
spatial frequencies improved the classification rate with the op- 
tlmal cut-off frequency between 0.4 and 0.5 c/mm. The data at 
the right show that the odor-specific information was maxi- 
maliy removed from the EEG with a high pass filter as well set 
at 0.17 c/mm. This spatial frequency lay in the EEG passband 
of the oranufe ~~tis”-s~.~.~_ C/MM, cycle~imm. D 

FOCAL DEPTH, MM 

Fig. 5. Spatiat de~~volu~~on of the EEG acts as a “sc~ftware 
lens’ to compensate for tke bturring effect of the volume con- 
ductor an the neural activity pattern as it is manifested in the 
surface EEG pattern For a dipole field with its zero isopoten- 
tial surface parahel to the b&bar surface the optimal depth of 
focus skoufd correspond to the depth of the zero isopotential 
Wmover’), In the anesthetized bulb this lay about &I mm 
above the depth of the mitral cell laprzs.gi (ca. OX-O,7 mm in 
the posterior bulb of the rabbit). Tke optimal depth of focus by 
the correct classification criterion was 0.49-0.54 mm. Use of 
this procedure requires prior use of low-pass spatial filtering to 
remove activity from a more superficial dipole in the bulb76, 
electrode noise, and possible other contributions to the EEG 
not from granule cells. The procedure removes the contribu. 
tion to the EEG from the monopolar reference elec- 
~,~&31.“5.“7,40 

of amplitudes of the largest or dorn~~~t cornp~n~~~ 
of the bursts, comprising on the average about 50% 
of the totaI variance of the 64 EEG traces, Several 
procedures were found to improve classification effi- 
cacy. One was to apply a low pass spatial filter that 
was designed to conform to the passband of the gran- 

ule cells and to remove contributions to the EEG 
from other sources76. The filtering was done in the 
spatial frequency dorna~u~ by use of the forward anb 
inverse 2-D FFT without Hamming and a 2-D &h-or- 
der ~~~on~nt~a1 filter. Repeated calculation of the 
touchstone (Fig, 4) over a range of values showed 
&hat the optimal cur-off frequency was 0.5 c/mm, and 
that a minimal touchstone value obtained with a high 
pass spatial filter set at 0.17 c/mm, thereby attenuat- 
ing activity at the center of the array passband. 

A second procedure was spatial deconvolu- 
tion”lJs. The actual spatial activity pattern of granule 
ceils was distorted in its manifestation in the surface 
EEG in a manaer that resembled blurring out of fo- 



cus of an optical image. The ‘point spread function’ of 
the blurring was known from volume conduction 
studies of the bnIl$s.r6Xs7,~1. Deconvdution (the 

‘software lens’) served to re-focus the patterns. 
Values of the touchstone for a range of focal depths 
yielded a tuning curve37,@ with an optimal focal 
depth at 0.49 mm (Fig. 5), approximately 0.1~0+2 
mm above the depth of the mitral cell layer deter- 
mined post-mortem in these animals. 

A third procedure was channel normalization. 
Over an entire set of bursts to be classified (e.g. 360 
for each animal) the mean and standard deviation 
(SD) were calculated for each channel, and the data 
were expressed as z-scores (zero mean and unit SD). 
This effectively removed the ‘signature’ pattern of 
the amplitude focus from the data of each animal and 
equahzed the variances of the contributions of the 64 
channefsss. 

A 4th procedure, the most effective and impor- 
tant, was prior classification by temporal frequen- 
~~35.36. The temporal spectrum by the FFT of most 
bursts had a high, narrow peak between 55 and 75 
Hz, but 20% of controf bursts and nearly 50% of test 
bursts had a maximal peak below 55 Hz. These lower 
frequency bursts tended to have broad spectra with 
multiple peaks and large frequency modulation in the 
time domain. Spatially also they were Iess coherent. 
Whereas the correlation coefficients of the 64 ampli- 
tudes of sets of control, CS+ and CS- odor higher 
frequency bursts averaged in excess of 0.8, those be- 
tween lower frequency bursts averaged less than 0.2. 
Bursts with peak frequencies less than 55 Hz and with 
FM exceeding 50% of the center frequency were la- 
belled ‘disorderly’ or ‘chaotic’. They did not contain 
odor-specific information and were deleted (Fig. 6). 

2.6. Analysis af EEG spatial patterns. Amplitude 
matrices that were selected and transformed by these 
procedures were further transformed by factor anat- 
ysisssJs*@ into the coordinates of the principal com- 
ponents of the variance. From 4 to 11 factors incorpo- 
rated 88-96% of the variance. The odor-specific in- 
formation was converted to factor scores on the fac- 
tor loadings. Linear discriminant analysis of the fac- 
tor scores confirmed the validity of the touchstone, 
and demonstrated 74- 100% correct classification of 
bursts. The analysis was readily extended to trials on 
which no or incorrect responses had occurred, with 
lower but still significant (P < 0.01 for each animal) 
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Fig. 6. A finding of major importance was the fact that about 
20% of control bursts and 48% of odor bursts do not fali into re- 
producible categories of spatial amplitude pattern. When they 
are included in discriminant analysis, they violate the assump 
tion of equal variances among groups and obscure the order 
that does exist. The key property by which to ‘label’ these dis- 
orderly bursts is their peak frequency in the time domain. The 
upper graph shows that optimal classification is achieved when 
bursts with peak frequencies less than 55 Hz are removed be- 
fore classification. The lower graph shows that when the disor- 
derly bursts are not excluded, or when group sizes become too 
small, the rate of ‘correct’ classification of control bursts C+ 
and C-becomes too highJ5.36.@_ 

classification rates. Each data set served successfully 
as a ‘test’ set for cross-classification from the coordi- 
nates determined by a ‘learning’ set. The ERGS from 
a rabbit that failed behaviorally to discriminate the 
CS+ and CS- odor in these sessions served to classify 
correctly odor from control bursts but not CS+ from 
CS- bursts. Finally, the bursts from each of the 3 ses- 
sions irrespective of CR were transformed by factor 
analysis; each set of factor loadings served to gener- 
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ate factor scores on the same (‘learning’) and the oth- 

er (‘test’) sets. Classification rates ranged from 58 to 

83% correct with no significant differences between 

test and learning sets. The stability of the factor pat- 

terns over the 3 sessions was further demonstrated by 

cross-correlation of the 3 sets of factor load- 

ings- . .. 3i 3x.4o. Comparable classification results were 

obtained with alternative statistical procedure+. 

The data SO far described were taken from 3 ses- 

sions out of a total of 18 sessionsr’~s. Training was in 3 

stages of 6 sessions each: odors A+ (reinforced with 

water) and B- (not reinforced); odors C-t and B-; 

and odors C+ and A- (reintroduced without rein- 

forcement. The procedures for curve-fitting, fil- 

tering, transformation and selection were applied to 

the data from 5 subjects and all sessions. The classifi- 

cation rates ranged from 58 to 86% correct. averag- 

ing 73%, all far above chance levels (33%) for each 

subject and session. Cross-correlation of factor load- 

ings revealed factorial invariance within each stage, 

but sharp breaks between stages at which the S-R 

contingencies were changed, and at which the factor 

patterns changed. These breaks corresponded to 

changes in spatial patterns of rms amplitude that had 

been shown to occur in the same manner as with spa- 

tial pattern evaluation under serial”’ and discrimi- 

nantic’s conditioning. 

These results established the fact that the matrix of 

amplitudes of the dominant oscillatory component 

carried odor-specific information. The next question 

was on which channels. An answer was found by cal- 

culating the touchstone value for the sets of bursts 

from the 4th to 6th sessions of Stage I as before, but 

deleting 8 channels, then 16, and so forth until only 8 

remained. For each number of channels the test was 

repeated 40 times while a different set of channels 

was randomly chosen for deletion. After each test 

an entry was made for each channel used into an 8 X 

8 table of the touchstone value resulting. The sum of 

touchstone values for each channel was divided by 

the number of times it was used. The channels that 

were particularly important or unimportant for class- 

ification were expected to have mean touchstone 

values differing from the grand mean over all chan- 

nels. The entire procedure was repeated on data with 

and without channel normalization. The results 

showed that the channel means were normally dis- 

tributed, and that the average deviation was less than 
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Fig. 7. Channels were selected by a random number generator 
and their values removed in groups of 8 prior to use of the class- 
ification assay. The procedure was repeated 40 times for each 
rabbit and each number of remaining channels. The means 
(Z S.E.M.) for classification efficacy decreased monotonically 
with the number of channels remaining. Further testing (see 
text) showed that the odor-specific information was spatially 
uniform. The level of the classification assay that was signifi- 
cantly above zero (P < 0.01) for each subject was 10.3%; by 
this criterion two subjects showed significant classification with 
as few as 8 channels, but only on the average by random selec- 
tion from the 64 channels. 

5% of the grand mean (k 0.5% difference from a 

grand mean touchstone value of 10.6%). For all ani- 

mals the classification efficacy decreased steadily 

with decreasing numbers of channels used (Fig. 7). 

The results implied that the odor-specific informa- 

tion density was uniform among channels across the 

array, albeit not necessarily in the bulb at inaccessi- 

ble spatial frequencies. They terminated 12 years of 

unsuccessful attempts to correlate features of activity 

on particular electrodes with the presence of partic- 

ular odorants. 

The 8 x 8 array constituted a window covering 

about 20% of the bulbar surface area and did not im- 

pose a boundary. Concomitant surface and depth re- 

cording+ from multiple electrodes’ demonstrated 

commonality of wave form in the EEG in all parts of 

the main bulb, whenever it was examined in this re- 

gard. The spatial extent of coherence far exceeded 

the spatial range that could be accounted for by vol- 

ume conduction alone. Application of the new meas- 

urement techniques to the low-amplitude and seem- 

ingly random activity between bursts showed that the 

same commonality held between as well as within 

bursts; that is, the bulb had a common active state at 
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al1 times, at least in the waking condition. 
Further evidence came from more precise meas- 

urements of the buibar phase gradients (e.g. Fig. 2). 
On reduction of the error of measurement on single 
channels in each burst to 0.15 radians (8.5”) it be- 
came clear that the gradient was not planar but was 
conic; that is, the isophase contours formed concen- 
tric circles about a point of maxima1 or minimal phase 
for each burst. The locations of the extrema were de- 
termined by fitting with non-linear regression a cone 
to the data in spherical coordinates with a radius of 
2.5 mm. The fitted surface incorporated on the aver- 
age 65% of the variance. The conduction velocity of 
the wave front across the array was estimated for 
each burst from the ratio of the burst frequency in ra- 
dians/s (2 SI times frequency in Hz) to the gradient in 
radians/mm, The average for the 5 rabbits was 1.73 J- 
0.42 mis. Maxima and minima were about equally 
likely to occur in both contro1 and odor bursts. The 
extrema were scattered ap~arentIy at random when 
projected from the sphere onto the bulbar surface 
(Fig. 81, except that very seldom (< 3% of bursts) 
were they projected into the posterior quadrant con- 
stituting the bulbar stalk. There was no dependence 
of location or sign of the extrema on stimulus condi- 
tion37. 

These properties held for both the coherent and 
the disorderly bursts without significant differences. 
When the phase vatues were calcufated independent- 
ly for both the dominant and the secondary compo- 
nents of coherent bursts and were fitted with cones, 
the extrema of the two ~om~nents tended to be fo- 
cated near each other. The signs of the extrema 
agreed in 95.3% of bursts. The correlation coeffi- 
cients of the surface coordinates for pairs of extrema 
averaged 0.79. The mean distance between domi- 
nant and secondary extrema was 0.80 mm. Assuming 
that the two extrema were generated by a common 
process, that is, that they should have been identicaf 
in location, the standard error of measurement was rt 
0.28 mm. This was about half the mean intereiec- 
trode distance of the arrays. The same results held 
for disorderly bursts but with stightly greater error (C 
0.32 mm). 

3. NEURAL DYNAMICS MANIFESTED IN EEGs 

3.1. EEC oscillations. The salient phenomena to 

be expIained are the oscillations in the gamma range, 
the bursts with ~nh~ations, the commonality of wave- 
form over the bulb, the formation of reproducible 
amplitude patterns in respect to odorants, and the 
non-reproducible patterns between bursts and in dis- 
orderly bursts at lower frequencies. The essential 
mechanism is provided by the mitral (excitatory~ and 
granule (inhibitory) cells that are coupled by dendro- 
dendritic reciprocal synapse@ into a negative feed- 
back relation. 

remonstration of this relation is afforded by or- 
thodromic or antidromic electrical stimulation of the 
bulb at low intensity, such that the response ampli- 
tude does not greatly exceed that of the ambient 
EEG25. The low-level averaged evoked potential re- 
corded at the bulbar surface closely resembles a 

POST 

VENTRAL 

Fig, 8. The left bulb is shawn in outline as if viewed from the 
right side of the head; the rectangle is the outline of the array in 
its typical location as if seen at its face placed onto the bulb. The 
rabbit bulb can be approximated as a sphere 2.5 mm in radius. 
For display purposes the surface of the sphere is presented as a 
planar surface bounded by a circle at the antipode and centered 
on the array. The phase pattern of each burst was fitted with a 
cone in the spherical coordinates so as to capture its pattern of 
concentric phase contours on the bulbar surface (see Fig. ZA 
lower part). Distance and angle from the array center to the 
apex of the cone were used to plot a point in the plane for each 
burst. It is shown as a solid dot for a phase maximum or as an 
open dot for a minimum. Roth sets of points were randomly 
scattered over the bulbar surface without regard to odor condi- 
tion. They were seldom projected into the posterior quadrant 
where the b&bar surface did not existal, those few being re- 
garded as erroneous. The diameter of the open dots is about 
half the estimated standard error of measurement of the loca- 
tions of the phase extrema. 



damped cosine with an initially negative peak; the 

field of current is generated by the dendrites of the 

granule cells and manifests their alternating excita- 

tion and inhibition. Post-stimulus time histograms 

from neurons in the mitrai cell layer likewise conform 

to a damped cosine at the same frequency and nega- 

tive decay rate but with a quarter cycle phase lead. 

On impulse excitation the mitral cells excite the gran- 

ule cells, are inhibited by them, disexcite the granule 

cells, and are disinhibited by them. Provided there is 

a pre-existing level of background activity they are 

re-excited and another cycle begins. If the stimulus 

intensity is excessive, the background activity is sup- 

pressed and only the first cycle remains as a ‘diphasic’ 

evoked potential, easily recorded without averaging. 

Anesthetics of all kinds also reduce the background 

activity and thereby truncate the response. 

Under very deep anesthesia transmission around 

the loop is blocked. Measurement of evoked poten- 

tials in the open loop state gives the open loop time 

constants of the component neurons. Both the mi- 

tral and granule cells have passive membrane time 

constants averaging about 5 ms. The 4 stages of 

transmission around the loop for each cycle give a du- 

ration of 20 ms and a frequency of 50 Hz. The cycle 

duration also depends on other factors including the 

strengths of the synaptic actions that determine the 

feedback gain, so that oscillation can occur at fre- 

quencies in a range from 3.5 to 90 Hz. 

The decay rate of evoked potentials is also deter- 

mined by several factors. of which the most impor- 

tant is the negative feedback gain. If in a waking ani- 

mal the stimulus is repeated so as to induce habitua- 

tion, the response decays more rapidly than at first, 

implying a more negative decay rate and decreased 

gain. If the animal is trained to respond behaviorally 

to the electrical stimulus, the oscillation persists long- 

er, implying that the decay rate is less negative, and 

the gain is increased. By extrapolation, if factors in 

attention increase the gain sufficiently, the decay 

rate may go to zero or become positive, and a stimu- 

lus may evoke an undamped oscillation. This phe- 

nomenon cannot be demonstrated with the averaged 

evoked potential technique, mainly because of the 

destructive effects of averaging over responses with 

varying frequency, but the concept can be used to ex- 

plain the EEG burst with inhalation. 

These oscillations are the property of populations 

of neurons and cannot be explained by entrainment 

of single neurons?:‘,s7.ss,l”1. Median firing rate of the 

bulbar neurons is 10 pulses/s or less, so that each neu- 

ron may fire on the average only once in many cycles. 

Their pulse interval histograms conform to that of a 

Poisson process with a brief dead time (the refractory 

period). Their autocorrelograms seldom show oscil- 

lation at the EEG frequency owing to the low pulse 

rates, and their cross-correlograms have vanishingly 

small shared power. However, statistical averages 

over relatively long time periods show that the proba- 

bility of firing of single neurons in the bulb oscillates 

at the frequency of the bulbar EEGZT. 

The demonstration requires digitizing at 1 m/s in- 

tervals the EEG from a surface electrode and the 

pulse train of an underlying mitral cell for S- IS min, 

the duration depending inversely on the mean pulse 

rate (shorter times also with multi-unit recordings). 

An amplitude histogram (which is almost always 

nearly normal) is formed of the EEG values in bins 

arranged in steps of 0.1 SD from -3 to +3 SD. A sec- 

ond table for pulses is arranged in two dimensions. 

one for EEG amplitude and the other for time in 1 ms 

intervals from -25 to +25 ms. For each EEG value 

(e.g. 60,000 in 10 min) a unit is entered into the table 

whenever a pulse occurs within the time bin. The 

number of pulses in each time bin is divided by the 

number of occurrences of the EEG amplitude, in or- 

der to calculate the pulse probability conditional on 

time and EEG amplitude. The time average over the 

Z-D table between -+-2 and +3 SD of amplitude man- 

ifests the pulse probability wave. The ensemble aver- 

age along the amplitude axis at the times of the up- 

ward peaks of the pulse probability wave yields the 

dependence of pulse probability on EEG amplitude. 

This experimental relation conforms to a monotonic 

sigmoid curve that is crucial for EEG analysis (Fig. 

9). 
3.2. The static non-linearity underlying bursts. The 

bulbar neural mechanism is inherently non-linear. 

The simplest demonstration is to compare two aver- 

aged evoked potentials at different stimulus inten- 

sities. Outside of a low-amplitude near-linear range, 

the larger response to the stronger stimulus has a 

lower frequency of oscillation. In the population of 

coupled neurons there are multiple non-linear trans- 

formations around the loop, but each has a near-lin- 

ear range, and most are kept near-linear by the limi- 



tation on activity imposed by the most restrictive or 
dominant a~~-i~ne~ty. This is found at the trigger 
zones where dendritic current intensity is trans- 
formed to pulse firing rate. Over a narrow range in 
the resting or background state the pulse rate is pro- 
portional to the current amplitude, as measured by 
the potential difference it causes in passing through 
the extracellular resistance. With increasing inhibi- 
tion the neurons are suppressed below threshold, so 
that pulse rate saturates at zero, and further inhibi- 
tion is not expressed in the output. Similarly, with in- 
creasing activity under excitation, the density of ac- 
tivity of neurons in the population approaches a max- 
imum that is determined not merely by pulse-induced 
refractory periods but, in the long term, by the time 
needed for recovery, and by long-lasting post-im- 
pulse conductance changes. 

The slope of the sigmoid curve, which is the rate of 
change in axonal output with increment in dendritic 
input, gives the forward gain of this stage of each 
population. The product of the forward gains around 
the loop determines the feedback gain, Close exami- 
nation of the experimental curves shows that the 
maximal gain does not occur in the resting state. It is 
displaced to the excitatory side. This means that an 
excitatory input to the bulb, such as the receptors de- 
liver during inhalation, not only activates the mitral 
cells and then the granule cells, it increases their 
feedback gain. The result is the onset of an oscillato- 
ry burst that abates during exhalation. A single shock 
does not suffice, because the activity it evokes does 
not last long enough. The requirement is for a surge 
of axonal input that lasts for tens of milliseconds. 

The experimental sigmoid relation has been close- 

ly fitted with a double exponential curve derived 

from two opposing membrane-dependent proces- 
ses2*. On the one hand with increasing membrane de- 
polarization there is an exponential increase in likeli- 
hood of firing determined by the voltage-dependent 
sodium conductance. On the other hand the actual 
expression of that likelihood in the occurrence of 
pulses is constrained to a maximal rate that can only 
be approached asymptotically. Examples of these 
curves and their derivatives, the non-linear gains, are 
shown in Fig. 9. These properties are quite general; 
we predict that they will be found to hold for neural 
populations throughout the brain. The shape of the 
curve holds for all non-zero levels of background ac- 
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Fig. 9. The static non-linearity of the bulb is determined experi- 
mentally from the pulse probability of single mitral cells and 
small groups conditional on EEG time and amplitude2s. The 
sigmoid curves in A are derived from a mathematics model 
that related axonal pulse density in a mass to the intensity of 
dendritic currenta. 3: the derivative of each curve gives the 
non-linear gain. The triangles show the mean background 

vatues For zero normalized dendritic current amplitude and 
mean background pulse density. Three examples are shown of 
increasing an excitatory bias that reflects the level occurring 
with arousal under centrifugal control. The maximal gain is to 
the excitatory side of the background level, so that excitatory 
input from receptors causes a parametric increase in gain in the 
bulb. This increase underlies the occurrence of the burst. 



tivity. Any increase in the background is accompa- 

nied by corresponding increases in depolarizing cur- 

rent and in the maximal pulse rate. All 3 variables in 

the equation for the curves are determined with sub- 

sidiary equations from one coefficient that specifies 

an excitatory operating bias. This bias in the bulb is 

under centrifugal control by processes relating to 

arousal or motivation; provisional pharmacological 

evidence suggests that it is mediated by the centrifug- 

al cholinergic projection to the bulbQ.7. The signifi- 

cance of the depolarizing bias for control of negative 

feedback gain is reflected in the fact that bursts occur 

in the bulbar EEG only in aroused or motivated ani- 

mals, and the burst amplitude is directly proportional 

on the average to the degree of motivation as meas- 

ured by the duration of food deprivationzs, the rate of 

work done by animals for foodz4, etc. 

3.3. The commonality of EEG waveform. The 

neurons in the bulb are arranged in a sheet (Fig. 10) 

that forms the wall of what Rall and Shepherd91 have 

called a ‘punctured sphere’. The basal dendrites of 

the mitral (here including tufted) cells ramify in all di- 

rections parallel to the surface for distances in excess 

of 1 mm from each cell body, forming with their 

branches a dense feltwork. The dendritic arbors of 
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Fig. 10. The first 3 stages of the olfactory system (mucosa, bulb 
and prepyriform cortex) are shown in outfine form, together 
with phrases to describe the neural operations being done in 
each stage. The small triangles and circles represent local sub- 
sets of respectively excitatory and inhibitory neurons. The ar- 
rows represent synaptic transmission34. The hypothesis is sug- 
gested in Section 4.2 that the prepyriformcortex might function 
as a motor cortex; that is , the correIates of its neural activity 
might appear more clearly in respect to responses than to odor- 
ant stimuli. 

granule cells thrust through it toward the surface 

while making bidirectional synaptic contacts with mi- 

tral cells. The input of axons, one each from the 40 

million receptors to each bulb in the rabbit, is in paral- 

lel to the apical dendrites of the mitral cells. The out- 

put is also in parallel by the axons of the roughly 

150,000 mitral cells. The input is segregated spatially 

into encapsulated nests called glomeruli, which form 

the bulbar equivalent of cortical columns, numbering 

about 2000 in the rabbit with a mean center-to-center 

distance of 0.25 mm. The roughly 75 mitral and 

tufted cells with terminals in each glomerulus and the 

attendant 30,000 granule cells together comprise a 

subpopulation that behaves as a neural oscillator. 

The mitral cells are synaptically coupled with each 

other by excitatory axosomatic synapse@ that are 

also bidirectionali*6. Simulation studies of the stabili- 

ty properties of a modeW4s indicate that the granule 

cells must also interact by mutual inhibition (akin to 

the network of the eye of Limulus), but the mecha- 

nism remains unclear. It is possible that this link is 

provided by bulbar stellate neurons (the cells of Gol- 

gi, Cajal and Blanes), which are equal in size and 

number to the mitral cells, but about which little else 

is known. Hence, the bulbar mechanism can be rep- 

resented by a surface array of non-linear oscillators 

that are coupled both by mutual excitation and mu- 

tual inhibition. So also can the prepyriform cortical 

mechanismZ5. 

A dynamic model of the bulb has been embodied in 

64 coupled sets of differential equations that incorpo- 

rate the static non-linea~ty~~). The several coeffi- 

cients in the model that represent time. space and 

gain parameters have been evaluated physiologically 

by comparing various numerical solutions of the 

equations with impulse input to data in the forms of 

averaged evoked potentials and poststimulus time 

histograms. For a surge of input patterned after the 

density of receptor input to the bulb during inhala- 

tion the model generates a burst of oscillation hav- 
ing the center frequency in the range characteristic of 

the EEG and with comparable modulation in ampli- 

tude and frequency. Owing to cross-linkages be- 

tween oscillators in the model all elements share the 

common wave form, no matter how complex it might 

appear. This result implies that the synaptic linkages 

among mitral and putatively among granule cells are 

likewise responsible for the widespread temporal CO- 



herence of macroscopic bulbar activity. Certainly the 
activity in the gamma range cannot be attributed to 
synchronized input from receptors, because they lack 
mechanisms for coordination of their firing at the 
requisite time intervals, and the variations in conduc- 
tion velocity and distance of their axons serve to 
smooth out high frequency fluctuations. Only the low 
frequency respiratory wave is passed, this being con- 
trolled by the brainstem respiratory centers through 
nasal air flow. Bulbar oscillations clearly persist after 
section of the bulbar stalk and even in vitro, so that 
centrifugal driving cannot explain the commonality. 
It is a property of the bulb and not of an extrinsic 
pacemake9. 

Study of the non-linear dynamics of coupled oscil- 
lators is a field still in its infancy, but some general 
concepts have emerged that are helpful in explaining 
bulbar dynamicsi,42,53, A coupled network of realistic 
numbers (e.g. 64 elements) has an indefinite number 
of states, but for certain reasonable parameter rang- 
es it displays a manageable number of preferred pat- 
terns of activity. Each pattern manifests a dynamic 
property of the system known as an attractor. Its ex- 
istence is demonstrated by repeatedly pert~bing the 
system with different inputs and showing that the sys- 
tem returns to one of its preferred states. The domain 
of input over which this return takes place defines a 
basin for the attractor. 

Three classes of attractors are defined by the char- 
acter of the preferred activity. If it is rest with steady 
state or no activity, the attractor is a point reflecting 
an equilibrium. This occurs for the bulb only under 
deep anesthesia (the open loop state) or in death. If 
the activity is periodic, for example, a cosine or any 
repeating pattern decomposable into a reasonable 
number of cosines, the attractor is a limit cycle*. The 
bulb is capable of indefinitely sustained periodic os- 
cillation in certain conditions, such as poisoning by 
picrotoxin or nicotine, but at abnormally low fre- 
quencies. We postulate that bursts manifest the 
asymptotic convergence to a limit cycle attractor dur- 
ing inhalation, which is aborted during exhalation, 
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The third type is the chaotic or ‘strange’ attractor. Its 

manifestation is activity that appears to be random, 
but which is deterministic and reproducible if the in- 
put and initial conditions can be replicated. Its di- 
mensionality is less than that of random ‘noise’, al- 
though it is difficult to distinguish chaos from an equi- 
librium that is perturbed by ‘noise’35. We propose the 
hypothesis that the background or interburst activity 
of the bulb manifests a chaotic attractor in the mecha- 
nism. We suggest that the activity arises because the 
interaction strength of mutual excitation among mi- 
tral cells is sufficiently high to sustain regenerative 
activity; the normalized feedback gain exceeds unity, 
so that continually their activity tends to blow up. 
However, they are coupled to inhibitory neurons that 
dampen their activity and keep it within bounds. A 
restless and experimentally unpredictable fluctua- 
tion emerges at a low amplitude. Most importantly, it 
is phase-locked over the whole array. 

Transition from one attractor to another is called a 
state change or bifurcationl,~3. A change in a param- 
eter is required. For the bulb and its model this 
change is provided by the coupling between input 
and feedback gain. Whether in the rest state the bul- 
bar dynamics are governed by a point or a chaotic at- 
tractor, the input surge and the attendant increase in 
gain may cause bifurcation to a limit cycle attractor. 
Order at high amplitude emerges from low-level 
chaos, only to collapse again as the gain is reduced 
with exhalation. In this view the bulbar EEG man- 
ifests repeated bifurcations at the rate of respiration, 
with manifestation of recurrent limit cycle states in 
the bursts. Each state holds for the entire main bulb 
for the duration of the bursts on the order of 50-150 
ms or more, 

3.4. Odor-specific information in the EEGs. The 
information that serves to classify bursts correctly 
with respect to stimulus condition is uniformly dis- 
tributed among the amplitude coefficients of the 
dominant component of the coherent, higher-fre- 
quency bursts. This implies that in the presence of a 
certain odor complex, which most commonly is the 

* Mathematicians have pointed out to us that our preliminary estimate@ on the dimensions of the dynamic processes of the bulbar 
EEG range between 4 and 6, and that these values are inconsistent with the unit dimension of the ‘limit cycle’ as strictly defined. One 
proposed alternative, the ‘low-dimensional attractor’, does not serve to distinguish between our ‘orderly’ and ‘disorderly’ events. An- 
other alternative, the ‘hyper-dimensional toroid’ is unsatisfactory because we have no conception at present of the geometry of our pu- 
tative attractors in phase space. Moreover, the field of non-linear dynamics has not yet adequately developed its own conventions to 
handle the description of attractors in spatially distributed systems, Further studies will be needed to devise a more rigorous classifica- 
tion than that we use here. 



background or controt complex but may be an odor- 

ant CS, upon bifurcation the oscillation tends to con- 
verge to a definite and reproducible spatial pattern of 
amplitude modulation. The details of the phase, the 
center frequency. and the temporal amplitude and 
frequency modulation are insignificant, The exist- 
ence Of each stable pattern depends on a successful 
learning process that results in emergence of discrim- 

inatory behavior. We infer that for each discrimi- 
nated odorant a learned limit cycle attractor forms, 
which is distinguished from others in its class by its 
basin, mediated by the receptors that were activated 
during training, and by its spatial amplitude pattern. 

A mechanism of synaptic change that we propose 
to explain these findings is based on earlier studies of 
the change in the shape of averaged evoked poten- 
tials from the prepyriform cortex of cats as they were 
trained to press a bar for milk in response to electrical 
stimulation of the lateral olfactory tract’“Js. The 
same coordinated and sustained pattern of change in 
waveform was found in the bulb on appetitive condi- 
tioning of rats to LOT stimulation and in the superior 

colliculus on appetitive conditioning of cats to optic 

tract stimulation (unpublished data). The change 

consisted in a decrease in phase, frequency and decay 

rate of the dominant damped cosine fitted to the re- 

sponses. 

Simulation of this pattern change with the solu- 

tions to piece-wise linear and non-linear di~erential 
equations modeI~ing the dynamics of bulb or cor- 
texzg-“5 demonstrates that the only change in the 
equations that suffices to replicate the change in re- 

sponse waveform is a small increase in the coeffi- 

cients representing the strength of synapses from ex- 

citatory neurons onto other excitatory neurons, that 

is, by an increase in mutually excitatory feedback 

gain among elements representing locat subsets of 

excitatory neurons. A modest increase of 40% can 

increase the sensitivity of a 1ocaI oscillator 4~,O~- 

fold. This is because of the combination of excitatory 

positive feedback with the amplitude-dependent 

non-linear gain; small inputs can explode into large 

outputs providing that they last long enough. The 

coupling with negative feedback ensures that the out- 

put is oscillatory and not monotonic, and that the OS- 
cillation terminates after cessation of input. 

When the mutua~y excitatory connections in the 
model are strengthened among a subset of elements, 

for example 8-16 out of an array of 64 oscillators, in- 
put t0 any one or more activates the others prefer- 
entially, SO that the spatial pattern of Output reflects 
stereotypicaliy the template of the strengthened con- 
nections and not the locus of the input, This system 
closely resembles the nerve ceil assembly Of 
Hebb~Z.lo4. We conceive that on each inhalation dur- 

ing conditioning an odorant activates multiple recep 

tors within a subclass that is sensitive, and these in 
turn co-activate a subset of mitral celis. If rein- 

forcement is given, then the bidirectional synapses 

that couple the concomitantly active neurons are 

strengthened. Over several trials with 10-20 inhala- 

tions on each trial. a large fraction of the subclass of 
sensitive receptors is stimulated by random selection 
owing to turbulence in nasal airflow, and the nerve 

cell assembly is enlarged by pair-wise co-activation of 

the mitral cells to which they project. Thereafter any 

input to small numbers of receptors in that fraction 

activates the entire assembly preferentiafty. 

Recent evidence indicates that reinforcemenF is 

mediated in the bulb by norepinephrine presumably 

under control of the locus coeruleus. Injection of the 

beta-blocker propanolol into the bulb blocks the 

EEG pattern changes that otherwise occur on pres- 

entation of odorants with shock, whereas intrabu~bar 

infusion of norepinephrine enables pattern changes 

to odorants without reinforcement, that otherwise do 

not 0ccuF. 

In the model and by inference in the bulb. if bifur- 

cation does not occur, the stimulus-evoked activity 

remains iocalized to the nerve cell assembly, but with 
onset of the limit cycle oscillation of the burst, the en- 
tire system engages in activity. The stereotypic out- 
put pattern is global, both in the sense that it involves 

all elements and that each local region. such as the 

fraction of the bulb covered by the array, cclntains all 

of the information at reduced resolution compared 

with the whole. Xn this respect though not in others 

bhlbar output may resemble a holographic storage 

pattern. 

The significance of the phase extremum for each 

burst is that it may occur at the site of nucieation, that 

is, the spatial location at which the bifurcation from 

chaos to a limit cycle begins. The phase extrema from 

successive bursts vary at random over the bulbar sur- 

face both in iocation and in sign. The extrema for the 
dominant and secondary frequency components of 



individual bursts tend to conform closely in sign 

(phase lead or lag) and in location; the conduction 

velocities, both measured over a part of the bulb flat- 

tened by the array, also closely agree. The velocity of 

apparent propagation, 1.73 m/s, may depend on the 

conduction velocity of the axon collaterals of mitral 

cells; the velocity of mitral axon terminal segments in 

the prepyriform cortex (Fig. 2) is 2 m/G. From the 

size of the rabbit bulb (1.5 mm in radius at the depth 

of the collaterals) and the typical frequency of oscil- 

lation (60-70 Hz) the bifurcation is completed in 

about 116 cycle (2.5 ms). The same should hold for 

the larger bulb of the cat with frequencies of 35-45 

Hz*0 and the smaller bulb of the mouse with frequen- 

cies of 75-90 HZ*“. In these few milliseconds the like- 

lihood of formation of two or more competing sites of 

nucleation would seem to be small; evidence for it 

was sought in the form of disparate phase extrema 

between the dominant and secondary components of 

orderly and disorderly bursts, but none was foundn. 

3.5. The disorderly bursts: chaos? Close to 20Y0 of 
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control bursts and 50% of odor bursts of both kinds 

have broad temporal spectra with multiple peaks, 

and the largest peak is typically at a frequency be- 

tween 20 and 40 Hz. The modulation of the center 

peak frequency commonly exceeds 50% over the re- 

corded duration of the burst (76 ms). The spatial am- 

plitude patterns of the 5 cosine components do not 

serve to classify bursts and do not fall into reproduc- 

ible categories. An explanation of these bursts is that 

they manifest failure of the bulbar mechanism to con- 

verge to a limit cycle attractor but possibly to a chaot- 

ic attractor. 

This type of activity also occurs when rabbits are 

presented with a novel odor in relatively strong con- 

centration (Fig. 11). Regular bursts of the control 

state are replaced by low amplitude aperiodic activity 

having a broad spectrum with its largest peak below 

55 Hz. The frequency shift distinguishes it from inter- 

burst activity. Our interpretation is that a limit cycle 

attractor does not exist to serve as a focus for conver- 

gence. Almost invariably rabbits orient to the stimu- 

I 
0.5 'SEC 
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Fig. 11. An example is shown of high-frequency burst suppression in the bulbar EEG by presentation to a rabbit of a novel odorant, 
which elicited a sniffing response but not a conditioned response (paw flexion) as did an odorant CS+. The EEG of the prepyriform 
cortex (PPC) showed an episode of erratic low frequency activity that we suggest may reflect chaotic as distinct from ‘noisy’ activity in 
the bulb and the prepyriform cortex to which it transmits. Evoked potential studies2 suggest that the cortex acts as a resonating receiv- 
er with broad response bands in two or more frequency ranges, 
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h~s for several trials; thereafter, both the EEG 

change and the orienting response abate and disap- 

pear, if the odorant is not reinforced. This suggests 

that the disorderly burst in itself may mediate the 

orienting response. A possible mechanism is that the 

prepyriform cortex operates as a tuned filter to which 

the bulb transmits its oscillatory output. Spectral 

analysis of the impulse responses reveals multiple 

resonant peaks, particularly those in the normal 

transmission range above 55 Hz, but also in the range 

of 20-40 Hz. Therefore, the disorderly burst may 

serve first as a signal that convergence to a limit cycle 

attractor has failed, and thereafter by repetition that 

an unknown odorant is present, constituting a depar- 

ture from the status quo, The persistence of the status 

quo is signalled by the control bursts. 

3.6. Limitations of the approach. The first difficui- 

ties in spatial analysis were those of hardware in get- 

ting enough simultaneous measurements to enable 

the assembly of spatial images. Thereafter the prob- 

lems lay in developing the software needed to man- 

age masses of data and extract the significant fea- 

tures. The solutions described here were to use spa- 

tial and temporal spectral analysis to determine opti- 

mal sampling rates, digital filters to decompose the 

data into space-time components and residuals, and a 

behaviorally based assay to evaluate event-related 

information in the several fractions. The results led 

to the problem of interpretation; our approach was to 

embody the known anatomy, physiology and phar- 

macology of the bulb in a set of differential equa- 

tions, solve the equations for input, initial and bound- 

ary conditions simulating those holding in normal 

behavior, and compare the solutions of the equations 

expressed as curves with the results of measurement 

expressed as data points. When they conformed we 

transferred our explanation of the dynamics from the 

model to the bulb, using the languages of neurobiolo- 

gy and non-linear dynamics. The over-riding prob- 

lem was to maintain the brain in a normal functional 

state. We solved this by adapting our recording sys- 

tems for use with permanently placed electrodes in 

animals subjected to conditioning procedures. 

Present problems exist at all levels. One is getting 

enough sensors on or into the brain for long-enough 

periods to allow behavioral studies without damaging 

the brain or imp~ring the health of the animal. The 

present limit to 64 channels is imposed more by the 

size of the connector cemented to the skull than by 

the availability of amplifiers, multiplexers. and core 

to handle the data flow. Another is the restriction to 

recording from laminar structures, particularly the 

lissencephalic cortices found in simpier mammals. 

Management of the difficulties of sampling and 3-~ 

analysis of data from nuclei and folded laminar struc- 

tures such as the hippocampus seems beyond feasibil- 

ity at present. So also is the management of data from 

64 or more micro-electrodes, although the use of op- 

tical sensors seems promising as a source of data on 

unit activity49. 

The field potentials such as the EEG suffer from 

the smoothing effect of the volume conductor espec- 

ialiy for scalp electrodes but also for cortical elec- 

trodes on and under the surface. In the bulb the at- 

tenuation with spatial frequency is IO-fold with each 

increment of 0.5 c/mm; at the spatial frequency of the 

glomeruli, which are likely to determine the ‘grain’ of 

bulbar macroscopic activity patterns, the attenuation 

is 10-4, so that the detail of bulbar activity patterns is 

irretrievably lost from the EEG even with closely 

spaced electrodes. Surgical access to many parts of 

the brain is limited either by circulatory vessels. af- 

ferent pathways or gyrification. These shortcomings, 

are to some extent offset by the robustness of the 

macroscopic activity. High classification rates of bul- 

bar EEG bursts were found despite restriction of the 

spatial sample to l/S of one bulb, at a spatial sampling 

frequency 114 of the optimal, over a time base 1110 

that available to the animals. and on signals that were 

often not much above the amplifier and electrode 

noise levels. In fact the system did slightly better in 

EEG discrimination than did the animals in respond- 

ing correctly to odorant&I”5. 

Limitations also restrict our use of non-linear dy- 

namics to selected simulations of representative 

events with solutions of the equations by numerical 

integration. This is less than adequate for con- 

structing representations of the phase space of the 

model7; even could we do this the available algo- 

rithms for graphic display might be insufficient. A 

large part of work being done in non-linear dynamics 

is devoted to exploring the complex behavior that can 

be elicited from standard ‘simpler systems’ such as 

coupled Van der Pol oscillators; the inverse problem 
of constructing a model given the behavior cannot be 

generalized. The bases for model-building in neuro- 
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physiology are too far removed from those of hydro- 
dynamics, plasma physics, theoretical chemistry, em- 
bryology, etc., for more than the exchange of analogs 
and anecdotes, Diffusion, for example, is replaced by 
axonal conduction. The dimensions and characteris- 
tic exponents of putative EEG limit cycle and chaotic 
attractors are still under initial studyQ5. From the 
perspective of neurobiologists the bulb is a ‘simpler 
system’, but the dynamics of 2000 coupled non-linear 
oscillators with indefinite numbers of chaotic and 
limit cycle attractors, continually perturbed by 
‘noise’ and changing state 5-10 times per second, is 
not so regarded by mathematicians. 

Our ability to distinguish chaos from equilibrium 
under perturbation is inadequatea. The fractal di- 
mensions and Lyapunov exponents have not been 
measured reliably. Chaos is likely to play major 
roles, first in the background state as the means for 
giving rapid access to any of a collection of limit cycle 
attractors on each inhalation, second as a means for 
expressing failure of convergence, and third as a ve- 
hicle for information of kinds not yet defined. This 
area of EEG studies will be of major importance in 
the next decade. 

4. IMPLICATIONS FOR NEUROPHYSIOLOGY 

4.1. Sensory systems and perception. Despite the 
complexity of its details, spatial analysis offers a sim- 
ple and compelling answer to the question of how the 
diverse synaptic input to sensory cortex from mul- 
tiple and often widely separated axons within the du- 
ration of a sniff or a saccadic interval is integrated 
with past experience into a percept. Our answer is 
that the input initiates (a) a local spatial pattern of ac- 
tivity that is shaped by a pre-existing nerve cell as- 
sembly, and (b) a parametric increase in gain that 
causes a state change from pre-existing low-level 
chaos to a high-level limit cycle carrier. The ampli- 
tude modulation pattern is selected by the input and 
shaped by the assembly; each local part of the bulb 
takes an amplitude of oscillation that is determined 
by the whole. Each local region transmits the whole 
with a degree of resolution determined by its size rel- 
ative to the size of the bulb. Thus the input is local 
and after the bifurcation the output is global. 

The data show that this happens in olfaction; the 
spatial analysis shows the manner in which it can take 

place. The next question is whether this transfor- 

mation occurs in other sensory systems as well. The 
likelihood that it does is enhanced by several similari- 
ties among sensory systems in structure and function. 
All contain arrays of receptors that feed in parallel to 
arrays of neurons, usually through relays but always 
ultimately to laminated neuropil in cortex. The cor- 
tex contains large numbers of densely interconnected 
excitatory and inhibitory neurons with the requisite 3 
kinds of synaptic feedback. Again the output of cor- 
tex is in parallel by large numbers of axons. Although 
the bulb has many specialized anatomical and physio- 
logical traits peculiar to it, the only properties needed 
for the simulation of its key operations are those that 
it has in common with other systems: parallel input 

and output and synaptically coupled masses of excita- 
tory and inhibitory neurons with the voltage-depend- 
ent membrane conductance of the action potential. 

In our view sensory processing is in two stages: 
analysis and synthesis. Receptors transduce incident 
energies at points on the array surface with varying 
degrees of specificity to the various qualities of the 
stimuli. Their axons convert generator potentials to 
pulse trains and transmit them into the central ner- 

vous system with a mix of convergence and diver- 
gence. The receptor fields of second and third order 
neurons provide evidence that receptors establish lo- 
cal fields of activity, and that interactions among the 
target neurons and interneurons perform several an- 
alytic operations, among them the taking of local spa- 
tial and temporal derivatives (revealed by ‘edge’ and 
‘moving spot’ detectors), dynamic range compres- 
sion, normalization, clipping and holding. Evidence 
has been found that each of these operations in the 
olfactory bulb is performed by the various types of 
periglomerular cells in the outer layers of the bulb. 
Although they are less sophisticated than the analo- 
gous operations especially in the visual and somes- 
thetic systems, the end result is the same: a particular 
stimulus establishes a particular collocation of neural 
activity within a cortical projection zone, or more 
likely a set of collocations in an array of cortical par- 
cels that reflect the outcomes of different kinds of lo- 
cal analysis. 

Synthesis in the bulb is through bifurcation from 
the chaotic state of sensory input to the oscillatory 
state of output to the olfactory cortex. Herein is a sa- 
lient difference between the olfactory and other sen- 
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sory systems, because the high-amplitude bursts of 

oscillation that characterize the olfactory BEG are 

not seen elsewhere in the brain. EEG activity of neo- 

cortex in the beta range (15-35 Hz) is relatively 

muted, and almost nothing is known about neocorti- 

cal activity in the gamma range (35-90 Hz) other 

than the fact that it exists in many parts of neocortex 

of healthy adults7i.Yj. In our view this EEG differ- 

ence stems from differences in cytoarchitecture and 

not from differences in neural interconnections. The 

3 brain structures with the most obvious gamma com- 

ponents in their EEGs are the bulb, the prepyriform 

cortex and the hippocampus. All 3 have strikingly 

well developed lamination of their neurons. By way 

of contrast the cerebellum has equally striking lami- 

nation but no significant oscillations in the range 

from 1 to 100 Hz; however. its main neural inhibitory 

connections form feed-forward and not feedback 

loops. The neurons in neocortex are vertically dis- 

persed. and they are segregated into layers at greater 

depths. These features enhance the smoothing effect 

of the volume conductor, especially for summed den- 

dritic potentials at higher temporal frequencies, so 

that EEG activity in the theta (3-7 Hz) and alpha 

ranges (S- 14 Hz) is relatively far more prominent in 

neocortex than in paleocortex. Of course the spectral 

smoothing is still stronger for scalp recordings”3J6. 

Analysis of field potentials and synthesis of explan- 

atory models are arduous and time-consuming. Some 

of the many steps have been touched on in this essay. 

Spatial analysis may offer a short-cut to answer the 

key question in neocortex, whether bifurcation from 

low-level chaos to a limit cycle or chaotic attractor in- 

tegrates sensory input into a pattern corresponding 

to a percept. The test would involve placing arrays of 

electrodes at appropriate intervals determined from 

the spatial spectrum onto the surface of a sensory 

cortex, the superior colliculus, or CA1 of the hippo- 

campus, in order to test whether the spatial ampli- 

tude patterns of beta and/or gamma activity (not nec- 

essarily periodic) fall into distinct clusters, depending 

on the presence of two or more stimuli to which a sub- 

ject has been trained to respond differentially. The 

techniques of spatial bandpass filtering and deconvo- 

lution can be combined empirically to sort out activ- 

ity patterns in dipole layers stacked vertically below 

the cortical surface as in the olfactory bulb31.35.76. A 

degree of success in this direction has already been 

achieved through scalp-recording of event-related 

potentials (ERPs) in humansQQ, but the results are 

merely statistical, depend too strongly on ensemble 

time-averaging, and are from too few channels. If the 

time-dependence of sequential episodes of spatial co- 

herence were to be determined from spatial analysis, 

a basis might emerge for re-investigation of the neu- 

ral mechanisms of thalamocortical gating~~l~l~. as the 

basis for the sequencing of perceptions”. 

4.2. Implications for motor systems and pattern 
generators. The neural mechanisms of motor activity 

are ripe for description with non-linear dynamics, es- 

pecially rhythmic processes in respiration’“, locomo- 

tionbs, bird songtos and speechhj. The terms ‘attrac- 

tor’ and ‘pattern generator’ are not quite synono- 

mous, the one referring to a property of a neural 

mass, that it enters and sustains an identifiable pattern 

of activity, and the other to the expression of that 

property in an identifiable pattern of muscular activ- 

ity. An attractor can explain or account for a pattern 

generator. Owing to limitations already discussed, 

the use of spatial analysis may be limited in the near 

future, except for studies of the motor cortex. 

Use of the concept of an attractor is predicated on 

some knowledge of a collection of attractors. the 

changes in system parameters that support bifurca- 

tion from one to another, the basins of input for each, 

and the separatrices that demarcate boundaries of’ 

the basins, together comprising the phase portrait of 

the system under studyi. The analysis of sensory sys- 

tems is made feasible by control of the input: the 

comparable development for motor systems may re- 

quire tracing the outputs from sensory systems. Es- 

sentially this is the problem of sensori-motor integra- 

tion. While it is complex, we suggest that it is not re- 

mote, and that we must prepare to deal with it imme- 

diately on investigating further processing of the out- 

puts of the bulb and sensory cortex. 

The problem comes directly to the fore in the form 

of odorant concentration. One of the key unsolved 

problems in olfaction is unravelling the mechanisms 

by which information about odorant concentration is 

processed. In other sensory and motor systems the 

quality of a stimulus or motor command is thought to 

be conveyed in the selection of active neurons and 

their spatial location, while the intensity is conveyed 

in unit firing rates and by recruitment in a pool of sim- 

ilar neurons. In olfaction the individual receptors and 
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mitral cells appear in amphibiaisJs~61 and mam- 

malsis.75.77 to have relatively narrow concentration 

ranges compared with the ranges of psychophysical 

identification’*. Despite difficulties from adaptation 

and response variability” the intensity function has 

been found to resemble an inverted ‘U’ rather than a 

sawtoothis,m,75. Verification of recruitment is prob- 

lematic owing to the difficulty of recording multiple 

single units, the immense numbers of receptors, and 

the confounding variables of rate and direction of air 

flow over the complexly folded turbinate bones, ad- 

aptation, attentional and motivational factors, etc. 

The amplitude of EEG bursts is clearly not directly 

related to concentration, nor is the amplitude of the 

respiratory wave. In psychophysics the absolute 

identification of odorant concentration is limited to a 

few steps, for example, strong, moderate, or faint. It 

is not uncommon for a subjective qualitative change 

to be reported by humans at a step along a concentra- 

tion gradient. This suggests that two or more learned 

limit cycle attractors might form over the basins of re- 

ceptors active within successive concentration rang- 

es, and that the generalization across these into a 

larger class might depend on the formation of a high- 

er-order attractor either in the bulb or among the tar- 

get systems of the bulb. 

The detection of relative concentration might 

seem simpler than the specification of absolute 

values, but in fact it is more complex, because it re- 

quires temporary retention of the results from se- 

quences of inhalations. In normal behavior this sen- 

sory information must immediately be integrated 

with motor information. Relative concentration is 

determined by repetitive sniffing with exploratory 

movements of the head and body. A dog, for exam- 

ple, may leap into the air and waggle its nose trans- 

versely to its direction of locomotion. The classic 

search pattern for animals as diverse as dogs, fish and 

butterflies is movement along lines at right angles to 

the flow of air or water carrying an odorant plume, 

with periodic 180” turns upstream at the edges of the 

phmre. Where and how these kinds of information 

are carried and combined are unknown. 

A useful premiss from which to tackle this problem 

might be to treat the bulb as sensory cortex and the 

prepyriform and periamygdaloid as motor cortex, 

analogous to the neocortical sensori-motor cortex. 

Measurement of the prepyriform averaged evoked 

potential has shown that the covariance of the param- 

eters from the cortical waveform accounts for 20% of 

the variance in the rate of work by hungry cats for 

food24. The rms amplitude of prepyriform EEGs is 

also closely related to the rate of work for food*s. Bi- 

lateral removal of the olfactory bulbs results in sec- 

ondary degeneration in the prepyriform cortex8 and 

in disordered behavior that parallels severe depres- 

sion in human+. The same syndrome follows bilater- 

al lesions of 60-80% of prepyriform cortex in cats; 

complete destruction results in death (unpublished 

data). Severe depression is known to accompany bi- 

lateral basal tuberculous meningitis in humans. 

When excessively intense electrical stimuli are given 

to the lateral olfactory tract, the prepyriform cortex 

enters into a petit mal-like seizure with EEG spikes 

regularly repeating at 3-4/s. The animals display ab- 

sence (failure to respond to stimuli but without loss of 

consciousness) and repetitive twitches of the face and 

jaw synchronously with the spike+. These are also 

the rates at which sniffing, chewing, licking and lap- 

ping occur, together with synchronized EEG fluctua- 

tions that may in larger part be due to concomitant 

variations in nasal air flow. Perhaps the seizure locks 

onto a characteristic frequency in the cortical mecha- 

nism underlying these facial and jaw movements. 

They are lost following paleodecortication. This may 

be analogous to the loss of placing, hopping and 

grasping reflexes after lesions to sensori-motor neo- 

cortex, because all of these movements involve 

orientation of parts of the body to objects or events in 

the world outside of the body. 

The distinction between bursts and burst se- 

quences corresponds to that between ‘pop-out’ or ‘pre- 

attentive’ and ‘attentive’ visual processings9, and 

between ‘parallel’ and ‘serial’ processing in AI sys- 

tems generally. Our emphasis as experimentalists on 

knowing what the animal is doing during the time 

frame of stimulus presentation stems from our belief 

that, in any time frame much exceeding 0.1 s, propri- 

oceptive and reafferent information is thoroughly 

mixed with sensory information in the brain. We ex- 

pect that attempts to locate process-specific informa- 

tion in spatial patterns of neural activity by classifica- 

tion and correlation will be unsuccessful unless both 

stimulus and response are measured with behavioral 
techniques. This is obvious already in the necessity 

for measurement of respiration and the successful 
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use of conditioning in order to measure odor-specific 

information in the bulb at the first synaptic relay. 

Even this is inadequate here and at more central sta- 

tions; we must also specify the purposive context in 

which the recordings are made. We do this now im- 

plicitly in terms of ‘aversive’ and ‘appetitive’ condi- 

tioning used to establish an appropriate type of ‘moti- 

vation’, but we need more explicit contextual detail, 

4.3. Goal-directed behavior. Sensorimotor inte- 

gration occurs in the context of goal-directed behav- 

iors such as search, attack and evasion, that are char- 

acterized by flexibility in contrast to the relatively 

stereotypic movements in reflex and robotic behav- 

ior. Every movement changes the sensory input, and 

the new stimulus conditions modify the motor out- 

put. The directedness may become apparent to an 

observer only after the completion of some perseve- 

rative sequence of interactions by an animal with its 

environment, including modification of its surround- 

ings. Commonly it is postulated that the animal brain 

may generate a central image or representation of a 

future state of activity or of sensory input, and that 

action is initiated and sustained until the present state 

conforms by matching to a centrally maintained 

image of the projected future state32. By extrapola- 

tion from our new findings we believe that purpose 

does not emerge in the form of a representation of a 

future state. Instead, we conceive it as the existence 

of a hierarchy of attractors in the dynamics of large 

masses of neurons, such that the behavior of the cen- 

tral nervous system and therefore the animal evolves 

from the present state with a tendency to arrive at a 

definite future state. No representation is involved; 

metaphorically we can claim that animals ‘predict’ fu- 

ture states, but in the absence of a capability for lan- 

guage the word ‘foretell’ in a strict sense is meaning- 

less. 

The remote origin of purposive behavior is in the 

embryology of the brain, wherein form and function 

interact to generate a predictable sequence of 

changes leading from the fertilized ovum to the new- 

born. No one believes any longer that the form of the 

infant is expressed at any stage of the embryo as a 

template to which growth must conform; the goal is 

implicit. The same self-organizing processes contin- 

ue after birth, but with an enormous increase in the 

interactive exchange between the brain and the en- 

vironment, compared with the sheltered conditions 

of the womb or the shell. Just as embryonal devel- 

opment can be described by a trajectory through a se- 

quence of stages. each expressing an attractor that 

prepares the way for the next. so also can purposive 

behavior such as search-attack-ingest-digest. but 

with the difference that the trajectory both within 

and between stages is crucially and not adventitiously 

influenced by the environment. The brain both in- 

gests and transforms those aspects of the world that 

are accessible to it. 

The task for spatial analysis is to construct a theo- 

retical framework in which the dynamics of pur- 

posive behavior can be incorporated for experimen- 

tal testing. Two considerations may simplify this 

task. One concerns the time frame; the essential or 

archetypal events can take place within one or two 

seconds required for search and approach by animals 

trained to find food. This time span comprises the 

psychological ‘here-and-now’ in which sequences of 

sensory and motor events are fused in the context of a 

trajectory encompassing the goal. The other con- 

cerns the brain locus of this on-going synthesis. We 

have known for a century from the demonstration by 

Goltz on decorticate dogs that the paleocortex is suf- 

ficient to sustain goal-directed behavior; high decere- 

bration shows that it is necessary. In primitive verte- 

brates such as the tiger salamanders” the forebrain 

that generates purposive behavior consists solely of 

the prologs of the paleo- and archicortical portions of 

the limbic system-12. The bulb together with a dorsal 

transitional zone receiving thalamic afferents com- 

prises the anterior sensory third of each hemisphere. 

The prepyriform cortex and amygdalo-striatal com- 

plex constitute the lateral and motor third. The sep- 

to-hippocampal formation forms the medial third; re- 

cent physiological and behaviorals7 evidence indi- 

cates that this is the locus of the ‘cognitive map’ infer- 

red by Tolmanl”3 to exist in the brain, that might 

serve as the space-time matrix or ‘short-term mem- 

ory’ in which sequential information is assembled. 

Purpose might best be conceived, in mathematical 

terms, as a trajectory of directed movement in phase 

space through an ordered sequence of basins and bi- 

furcations. In behavior, such a trajectory is express- 

ed by a sequence of purposive actions leading to a 

goal. The description of such a trajectory requires a 

higher level of complexity than can be achieved by 

consideration only of the dynamics of the bulb. We 



169 

propose that a mathematical or conceptual approach 
be unde~aken by describing the dynamics of the sev- 
eral parts of the limbic system in much the same 
terms as for the bulb, and by assembling these in their 
proper interactive modes. There are few data avail- 
able as yet on the spatial properties and non-linear 
dynamics of these other structures~,74, but a specu- 
lative overview might help in the collection of new 
data. We should include in this view the structures 
identified above as well as others closely affiliated, 
such as the anterior olfactory nucleus and tubercle 
and the entorhinal cortex. All contain interconnected 
populations of excitatory and inhibitory neurons indi- 
cating that they maintain the 3 types of feedback rela- 
tions found in the bulb. The olfactory cortex and hip- 
pocampus are still more closely similar to the bulb in 
having the three-layered architecture that is charac- 
teristic of paleocortex. The olfactory nucleus, cortex, 
amygdaloid, septum and hippocampus all generate 
EEG activity with prominent components in the 
range characteristic of bulbar carrier waves, the gam- 
ma activity, and also a prominent low frequency com- 
ponent, the theta activity, that may coincide’” with 
the respiratory frequency of rabbits in sniffing (3-7 
Hz), and that we view as a gating frequency for bursts 
of the carrier. Models of the dynamics of the olfacto- 
ry cortex and of the hippocampus very similar to that 
of the bulb have been successful in simulating their 
evoked potentials and impulse firing patternszs9@. 

We have devised a logical scheme for describing 
the interactions of these neural masses in terms of an 
open-ended hierarchy of K set+. At the base is a KO 
set of elements representing a collection of singIe 
neurons that have a common source of input, a com- 
mon sign of output {either excitatory or inhibitory), 
but no interaction among them. A KI set represents a 
mass of neurons having common input and sign of ac- 
tion (either KI, or KI,) and also locally dense interac- 
tions of each neuron with many others in its surround 
giving positive feedback. A KII set combining KI, 
and KIi sets represents the negative feedback inter- 
action between excitatory and inhibitory neural 
masses. Whereas KI sets are capable of slowly chang- 
ing or sustained activity with different kinds of spatial 
patterning (stereotypy for the KI,, spatial contrast 
for the KI,), oscillation in the gamma range first ap- 
pears at the KII level, 

We propose that the dynamics of each of the parts 

of the limbic system can be described by the same in- 
tegrodi~erential equations that simulate KII hIbar 
dynamics, along with KI sets that are required to de- 
scribe subsidiary interneuronal masses, such as the 
periglomerular neurons in the bulb, the deep pyrami- 
dal neurons in the olfactory cortex, and the dentate 
fascia in the hippocampus. Each of these structures 
has reciprocal (feedback) connections with contigu- 
ous or nearby structures. We suggest that the interac- 
tive masses which form the major part of the limbic 
system and are modelled by KI and KII sets should 
be represented by a KIII set. Exampies include the 
olfactory bulb, nucleus and cortex; the corticomedial 
and lateral amygdaloid nuclei and the olfactory stria- 
turn; and the septum, hippocampus and subiculum. 
Beyond this step is the interconnection of the sets for 
these parts into a dynamic whole to represent the lim- 
bit system by a KIV set. 

The vertical segregation into a hierarchy is nec- 
essary for several reasons. First, each of the parts in 
itself is sufficiently complex to warrant detailed ex- 
ploration of its dynamics and its relevant stable 
states. Second, the description of an orderly se- 
quence of transitions between stable states, such as 
the trajectory of purpose, will require the collapse of 
the details of each of the parts into a small number of 
variables and parameters, so that a state variable at a 
higher level may serve as a control parameter at a 
lower level. Third, the anatomical structures and pat- 
terns of interconnection and interaction of the limbic 
system indicate that successive levels of integration 
and organization of different kinds take place in the 
formation and operation of the limbic system. For ex- 
ample, the operations of Iong projection pathways 
such as the fornix and the olfactory tracts cannot be 
incorporated into KII sets owing to their attendant 
delays, temporal dispersions and spatial divergences. 
Finally, to the extent that we require a hierarchy of 
meaning to understand different kinds of behavior, 
we will require a hierarchy of functional states to ex- 
plain them. 

4.4 A retraction on ‘representation’. Commonly it 
is said that a stimulus is encoded in or stored as or 
represented by a pattern of activity, as though a cer- 
tain token or symbol or message were introduced 
into the brain along with a certain meanings7. Like- 
wise it is postulated32 that in toto the brain sustains a 
world view, image, model or representation of the 
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environment, that is continually updated by new in- 

put, and that provides the basis for patterned output 

or action. Thus recognition is conceived as based on 

comparison of a stimulus-evoked activity pattern 

with each of a store of pre-existing patterns, and deci- 

sion as the selection from a store of motor patterns of 

one that is optimal according to certain rules that are 

also encoded and exercised perhaps in the manner of 

a binary decision tree. Actions can result from repre- 

sentations serving centrally in the manner that stimu- 

li do peripherally. 

The results from spatial analysis of the olfactory 

EEG fail to support this interpretation in respect to 

odors. At one stage of the investigation it seemed 

that an EEG spatial pattern established during condi- 

tioning with an odorant persisted in the absence of 

the odorant, and we inferred that this pattern might 

manifest a ‘search image’s for the expected odor33. 

However, the present results showed that the data on 

which this interpretation was based were inadequate 

for two reasons. Conditioning was serial to one odor- 

ant at a time rather than discriminative between two 

odorants, and the resolution of spatial patterns of 

EEG amplitude was inadequate. An essential corol- 

lary was disproven; if the quality of an expected odor 

were to take the form of an amplitude pattern, then 

the presence or absence of that odor would be sig- 

nailed by the phase pattern30. This was found not to 

be the caseJ7. Moreover, this interpretation failed to 

handle effectively the problems of how animals can 

expect more than one odor at the same time, or re- 

spond to novel or unexpected odors, nor did it effect- 

ively deal with the fact that bursts occur continually 

in the control state with the background odor com- 

plex. 

In the light of present evidence it might be pro- 

posed that a search image exists in the form of a limit 

cycle attractor with its attendant basin of receptor- 

mediated input, and that multiple search images co- 

exist as attractors in the bulb to represent those odors 

that the animal has learned to identify. There are sev- 

eral difficulties with this inte~retation. First, it is un- 

necessary. The concept of an attractor simply consti- 

tutes a prediction that given a specified initial condi- 

tion, the bulb and the animal will tend to behave 

in a certain way. The behavioral and electrophysio- 

logical data speak for themselves without reference 

to ‘representation’. Second. it is inconsistent. A ‘ten- 

dency’ cannot ‘represent’ anything. In the bulb a ten- 

dency is let loose by a stimulus, but the end result of 

the tendency in a burst pattern cannot play a role in 

its selection by the stimulus. because the pattern ex- 

ists after the stimulus and not before. Yet representa- 

tion by a ‘search image’ requires that some pattern 

pre-exist the stimulus. If that pattern were ascribed 

to one of a collection of synaptic ‘templates’ created 

in the bulb by learning. then odor identification 

would require a systematic search through the collec- 

tion. If the odor is novel, the entire collection must be 

reviewed. But animals respond to novel odors in 

short time spans that are inconsistent with the time 

required for an exhaustive review of all the odors that 

we suppose adult rabbits have learned to identify, as 

indeed they must in order to survive in an ever-chan- 

ging environment. Hence neither an EEG pattern, 

nor an attractor, nor a synaptic template is consistent 

with the physiological properties predicated for a 

representation as a stored, retrievable information 

pattern that serves to classify stimuli. 

Other difficulties must be dealt with concerning 

classifications. associations, meanings and other as- 

pects of representations, exemplified by the difficul- 

ties of stating exactly what is being represented. at 

which time, by which part to which other part of 

the brain. The root of these difficulties is that the ref- 

erents, contexts and meanings of representations are 

invariably in the brain of the observer and not that of 

the observed. If, as we propose. each brain is self-or- 

ganizing with its own frames of reference. then map- 

ping from one to another is problematic. However, it 

should suffice in neurophysiology that the concept is 

inconsistent with the data and unnecessary. The 

same reasoning holds a fortiori for more specific for- 

mulations such as codes, images. signals, files, tables, 

plans, rules, models, schemata, lists, clocks, pro- 

grams, scripts, frames. symbols, etc. Thus. in the lan- 

guage of representation the olfactory bulb extracts 

features, encodes odor information in patterns of 

neural activity, recognizes odor stimulus patterns, 

identifies odor figures in osmatic grounds, represents 
expected odors, forms olfactory search images. tests 

hypotheses on learned olfactory expectations. and 

stores and retrieves olfactory engrams. These and 

other seductive phrases seem to say something, but in 

animal physioiogy they are empty rhetoric that leads 

nowhere. They are not merely wrong; they are irreie- 
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vant and misleading. It is our conclusion that animals 
interact with their environments but need not and do 
not represent them in doing so. An ultimate goal in 
nemophysiology is to explain human consciousness 
and our capacity for representation, but experiments 
on animal brains will not directly support that, and 
the concept should not be part of its explanation. 

5. SUMMARY 

Spatial analysis with preamplifier arrays and com- 
puters offers fresh perspectives on brain function. 
Realization of its potential depends on development 
of appropriate procedures for data processing and 
display, experimental paradigms to serve as bench- 
marks, and theories of brain function to predict what 
to look for and how to distinguish valid results from 
artifacts. Measurement of EEGs from arrays of 64 
electrodes chronically implanted on the olfactory 
bulbs of rabbits that are trained to discriminate odor- 
ant conditioned stimuli show that the odorants induce 
spatially distinctive amplitude patterns of neural ac- 
tivity. The odor-specific information density is infer- 
red to be uniform over the whole main bulb. The neu- 
ral dynamics that produce these activity patterns 
emerge from the synapticaIly interactive sheet of ex- 
citatory mitral and inhibitory granule cells with dis- 
tributed input and output tracts and with static non- 

GLOSSARY 

Structural terms 
neural mass: a large collection of neurons of the 

same or differing types, generally contiguous 
and with intertwined filament+. 

K-set: the mathematical representation of a mass, 
defined hierarchically in terms of commonality 
of input and type(s) of internal interactio+. 

nerve cell assembly: a subgroup within a mass of 
excitatory neurons that are linked by synapses 
strengthened during learningQJ@+. 

neural template: the spatial structure formed by a 
nerve cell assembly32. 

Functional terms 
neural activity (microscopic): the sequence of ac- 

tion potentials of neurons one at a time, or the 

linearities deriving from the nerve impulse mecha- 
nism. Excitatory synapses between mitral cells are 
subject to modification when odorants are paired 
with unconditioned stimuli, thus forming nerve cell 
assemblies. Odorant-specific information estab- 
lished by a stimulus locally in the bulbar unit activity 
is integrated with past experience by an assembly, 
disseminated over the entire bulb on the order of 100 
mm2 in area in a time period of 2.5 ms, and sustained 
for a time period on the order of 0.1 s. An arbitrary 
spatial sample on the order of 20% of bulbar EEG ac- 
tivity captures the entire integrated information al- 
beit at lesser resolution than the whole. This synaptic 
mechanism of local input and global output may be 
common to all of the cerebral cortex. The implica- 
tions. are discussed for neocortical sensory systems, 
motor pattern generators, and goal-directed behav- 
ior in the context of self-organizing non-linear dy 

namic systems. 
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magnitude of membrane depolarization at a 
trigger zone. 

neural activity (macroscopic): the magnitudes of 
dendritic currents or of axonal potentials locally 
averaged among neurons of like kind in a mass 
and occu~ng at all points and times over the 
mass for an extended time interval. 

activity density function: the abstract conception 
of neural activity over a K-set as pulse densities 
(axonal) and wave densities (dendritic)*S; 
equivalent to Sherrington’s94 central excitatory 
state (c.e.s.). 

state variable: the mathematical representation by 
a symbol of a pulse or wave density function in a 
K-set. 

observable: a sequence of single or multiple unit 
potentials or of field potentials recorded mo- 
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nopolarly, that manifests neural activity, and 

that with appropriate transformations is used to 

evaluate a state variable by curve-fitting. 

burst: an observable; a brief, high-frequency fluc- 

tuation observed in field potential whether or 

not it is periodic, which rises in amplitude above 

the background level and then disappears. 

wave packet: a type of macroscopic pulse and wave 

activity that is manifested by a burst; it is infer- 

red to occupy a delimited volume of tissue 

(hence, package or packet), to have certain 

characteristic temporal and spatial frequencies 

(hence, wave), and to involve expenditure of 

neural metabolic energy above the background 

level”“. 

operation: a mathematical description of the trans- 

formation effected by an operator; in linear 

analysis it is defined by the ratio of input to out- 

put; in non-linear analyses invoiving structural 

or parametric changes the definition is less gen- 

eral and more complex. 

operator: an agency imposing a change from one 

state of activity to another: a wave packet is 

conceived as an operator, because it changes 

the activity of a neural mass into which it is 

transmitted by axons32. 

attractor: the property of a dynamic system that is 

manifested by the tendency under various but 

delimited conditions to go to a reproducible ac- 

tive state and stay there; the wave packet is the 
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