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234 10. Constructive Brain Theories

Nets with circles are of central interest in neuroscience because biologi-
cal brains—even those of the most simple creatures—do indeed have many
internal loops of positive feedback threading through their constituent neu-
rons. As we have seen in previous chapters of this book, such closed causal
loops (or “re-eniry”) lead to the emergence of new dynamic entities, the
nerve impulse being an outstanding example. With the emergence of novel
coherent states arises the need for describing their dynamics, compounding
the difficulties of mathematical formulation and analysis. Such matters are
addressed in the following two chapters.

If each model neuron in a network is allowed to compute the most general
Boolean function of its inputs, as suggested in the previous chapter, it is
straightforward to compute the number of nets with circles that can be
created from a given number of neurons and to sketch the various types of
behavior. The number of such systems grows very rapidly with the number
of constituent neurons, however, soon becoming unmanageable; thus, some
guiding perspectives are needed.

As a simple brain model that includes closed loops of causal implica-
tion (positive feedback), Hopfield’s “spin-glass” model is presented in the
context of previously noted concepts of phase-space analysis of nonlin-
ear systems [27]. The number of stable stationary states in this model
is considered as an estimate for the information storage capacity of real
brains.

The chapter closes with a brief introduction to cortical field theories, the
dynamics of which are in accord with observations of Gestalt psychology,
suggesting means for communication among the emergent states of real
brains.

10.1 Nets Without Circles

In this section, attention is restricted to nets without circles for two
reasons. First, it is evident that such network models are easier to an-
alyze and understand just because they do not give rise to emergent
entities. (There is an adage, no less true for being ancient, that one
should learn to walk before trying to run.) Second, from a mathemati-
cal perspective, there are several rather simple results on the geometric
interpretation of the pattern-classification problem and on procedures for
learning that are of general interest and may play supporting roles in the
information-processing activities of real brains.

Although it was proposed back in the 1950s that the trainable proper-
ties of nets without circles offer a basis for understanding the human brain
[4, 44, 45], this view has not been widely held since the demise of behavior-
ism as a credible psychological theory. Nonetheless, nets without circles do
comprise a class of learning machines that have been of engineering interest
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since the late 1950s for a variety of tasks, including automatic sorting of
photographs, converting handwritten characters to digitally defined letters,
recognizing speech, generating suggestions for medical diagnoses, mak-
ing weather predictions directly from atmospheric data, analyzing aerial
photographs for economic data, and so on (23, 35].

However such systems fare in the realms of engineering, the peculiar
properties of nets without circles may be employed for special purposes
in certain restricted regions of the human brain, such as processing in-
formation on the way from the retina to the primary areas of the visual
cortex or from the ears to the temporal lobes. Thus it seems prudent for
neuroscientists to be aware of what nets without circles can do.

10.1.1 McCulloch—Pitts (M-P) Networks

In their 1943 paper, McCulloch and Pitts began by assuming a class of neu-
ral networks with the following properties: the activity of any constituent
“neuron” is an all-or-nothing process; a fixed number of synapses must be
stimulated within the period of latent addition in order to ignite a “neuron,”
and this number is independent of previous activity; the only significant
delay occurs at synapses; ignition of a “neuron” is prevented by activation
of a single inhibitory synapse; and the network structure does not change
with time [36]. The term “neuron” is used here with quotation marks to
emphasize that real neurons are more intricate than the model. Although
this indication will be dropped in subsequent discussions, the reader should
keep the caveat in mind.

McCulloch and Pitts were under no illusion that their assumptions are
physiologically correct; indeed, they specifically mention that facilitation
and eztinction (“in which antecedent activity temporarily alters respon-
siveness to subsequent stimulation”) and learning have been ignored. They
defended their approach, however, as a way to establish baseline estimates
of what neural networks can do.

A key aspect of the M-P formulation was their recognition that the all-
or-nothing property of a neuron (an impulse is either present or it is not
on a certain nerve at a certain time) can be viewed as a logical proposition
(this statement is either true or false), so Boolean algebra (the algebra of
classes) can be invoked to describe their model networks [3]. Thus they
obtained two main results.

First, M-P showed that their model neuron could represent the three
fundamental circuit elements of the computer engineer—the AND, OR, and
NOT gates—which we met in the preceding chapter. Second, they appealed
to the algebra of classes to show that any Boolean function can be modeled
by one or more of their networks, and each such network corresponds to
one or more Boolean functions. What is a Boolean function?

Written in the two-element number system “1” and “0” (which indicates
that a statement is true or false or that an all-or-nothing impulse is present
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238 10. Constructive Brain Theories
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Figure 10.1. The geometrical interpretation of the pattern-recognition task
indicated by Equations (10.1) and (10.3).

the barometer is rising and A = 0 that it is falling, B = 1 implies daytime
and B = 0 night, and C = 1 indicates that it is clear and C = 0 indicates
cloudiness. With F(A, B, C) defined as in Equation (10.1), it is reasonable
to expect that F' = 1 implies that no rain is to be expected within the next
few hours.

To understand how the training algorithm works, it helps to view pattern-
recognition problems in a geometrical context. Thus, the eight values of
these three input variables can be taken as vertices of a cube, as indicated
in Figure 10.1, with the black dots indicating where F' =1 and the open
dots where F == 0. The shaded area indicates a linear discriminant plane
in pattern space on one side of which F =1 and on the other F' =.0.

‘Suppose that we wish to realize the logical function of Equation (10.1)
with the M—P model neuron

3
F=H{Y aVi(t)-0]), (10.3)
k=

where V; = A, Vo = B, and V3 = C. (Recall that H(z) is the Heaviside
step function, which equals 0 when z is negative and 1 otherwise.)

Two questions arise: (1) How do we choose a;, a2, a3, and 67 (2) If
these weighting parameters are incorrectly chosen, how can they be altered
so that the functions computed from Equations (10.1) and (10.3) are the

same?
To answer these questions, it is convenient to define a four-dimensional

weight vector as

W= AQH.QMgqu |%v
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- and a four-dimensional augmented pattern vector as

P= Asva\mvd\wu“—v.

Then the inner product of the weight vector and the augmented pattern
vector,*
3
W-P=> oxVi(t) -6,
k=1

is just the argument of the Heaviside step function in Equation (10.3). Thus
to realize the Boolean expression of Equation (10.1) with the M—P neuron
of Equation (10.3), it suffices to choose the three a;s and 6 so that the
condition

W.-P=0

corresponds to a discriminant plane lying between the vertices where F' =1
(the dark circles) and those where F = 0 (the open circles), as shown in

Figure 10.1. This answers question (1).
To answer question (2), suppose that we have mistakenly chosen the

components of the weight vector (W1) such that
W;:-P<0

for (say)
P=(1,1,1,1),

but all of the other vertices in Figure 10.1 lie on the correct side of the
discriminant plane. Then Equation (10.3) telis us that F=0forV, =
Vo = V3 = 1. In other words, if the barometer is rising, it is daytime, and
the sky is not cloudy, we should expect rain. Clearly, this is not a correct
prediction and the weight vector must be changed, but how?

If the weight vector were altered by adding an increment in a direction
orthogonal (at right angles) to P, the inner product W - P would not
change; thus, it is necessary to alter the weight vector in the direction of

P. To accomplish this, assume
Wy =W; +cP, AHONC

where ¢ is a positive real constant that must be determined. Taking the
inner product of both sides of Equation (10.4) with P and requiring that
Wy - P > 0 shows that for

-P
c> |.|$Nw.u.w.|mv| AHOMV

the inner product Wo - P > 0.

1The inner (or “dot”) product of two vectors is the sum of the products of their
components.
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Figure 10.2. (a) The four Boolean systems that can be constructed from a single
switch. (b) One of the more than sixteen million systems that can be constructed
from three switches.

they have introduced such a definition, let us go down the table, making
references along the way to Figure 10.2.

In this figure are indicated state diagrams of certain Boolean systems.
Each such diagram shows the 2V states of some system, which advances
from one state to the next in a fixed time interval. Each state, therefore,
has one outgoing arrow, indicating which of the 2V states the system will
go to in the next increment of time. Thus, the 2N arrows can be chosen in
2N different ways, leading once again to

.>\\ — szvwz — M?‘NZ

different systems composed of N switches.

For N = 1, there are 2% = 4 Boolean systems that can be constructed
from a single switch. These four systems are shown in Figure 10.2(a), where
“0” indicates that the switch is off and “1” implies on. Reading from left
to right, the first system turns on if it is off and then stays on. The second
system turns off if it is on and then stays off. The third system stays off if it
is off and stays on if it is on, as expected for a light switch. Finally, the last
system—which electrical engineers call a “free running multivibrator”—
turns off if it is on and turns on if it is off, thereby generating a periodic
signal.

For N = 2, implying two switches or neurons, there are 4% = 256 possible
Boolean systems, which could be worked out in a few hours. For N = 3,
this number has increased to 8% = 16,777,216 systems, one of which is
shown in Figure 10.2(b). Presumably, a computer code could be written to
generate diagrams for all of these systems. For N = 4 and 5, it would be
imprudent to attempt such a code.
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For N > 6, interestingly, it can be asserted with confidence that no
computing system will ever be constructed that generates and records the
diagrams for all possible systems. This is because the atomic weight (or the
total number of protons and neutrons) of the universe is only about 108°;
thus there is not enough paper—or memory storage of any sort—for the
task.

To emphasize the importance of this point in theoretical biology, physicist
Walter Elsasser has proposed that the term immense be used to describe
finite numbers larger than a googol [12]. Typically, the number of possible
members of a biological species is immense, whereas the number of actual
members—past, present, and future—is not.

Dealing with sets in which the number of possible members is much larger
than the number of actual members, Elsasser suggests, helps to make the
biological and social sciences fundamentally different from the physical sci-
ences. Thus, a physicist studying (say) hydrogen can perform as many
experiments as desired on identical atoms, leading to generalizations for-
mulated as laws of physics. Similarly, the chemist can study as many (say)
benzene molecules as are needed to formulate reliable laws of chemistry.

The biologist or psychologist studying (say) Homo sapiens, on the other
hand, faces quite a different challenge. There are a great many more possible
humans than will ever actually exist—past, present, or future. To see this,
note first that the total number of actual human beings is certainly less than
a googol (not immense). Then, consider what A/ would be in Table 10.1 if
N were anything like the 10'° neurons in a human brain. It is clear from
such a comparison that psychological observations are necessarily made on
very limited subsets of the possible members of our species.?

In Elsasser’s terminology, biologists, psychologists, and anthropologists
study heterogeneous sets, the members of which exhibit substantial differ-
ences. (We have seen an example of biological heterogeneity in Table 4.1
showing the variability of membrane data on giant axons of the squid.)
Physicists and chemists, on the other hand, deal with homogeneous sets,
for which members are essentially identical. To emphasize this distinction,
consider the case of alloys.

The conducting wires of electric circuits, for example, are often con-
nected together by an alloy of tin and lead called solder, for which the
melting point depends on the ratio of the components. Given two small

21t may be objected that the brain’s neurons do not compute arbitrary Boolean
functions of their inputs, so the estimate of A may be high. From work of Yajima et
al. [54], the number of systems composed of N threshold (M~P) neurons with n inputs
each is greater than gn® N/ 2, but this estimate is low. Recently, Poirazi and Mel [42] have
studied memory capacity of systems of model neurons in which individual dendritic trees
respond nonlinearly to their inputs. From both combinatoric and numerical calculations,
these authors find that capacities of nonlinear neurons exceed those of linear models by
“orders of magnitude.”
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246 10. Constructive Brain Theories

first, £ must be bounded from below, and second, E must either decrease
or remain constant with each time step.*
For the dynamics described by Equation (10.7), a Lyapunov functional is

1 N N
E=-3 WW Jik 88k (10.8)

with the proof as follows.
(1) Note first that for finite Jjx, E is evidently bounded from below.
(2) To see how E changes under the dynamics of Equation (10.7), suppose
first that the ith switch changes from s; = +1 to —1. The corresponding
change in F is

N N
AE = &M.\&..&. +.ms.M.Nu.&.m.u.
Jj=1 Jj=1

N
= 2 MU FNG. mu.
j=1

because J;; = Jj;. Because the summation must be negative for s; to
decrease, AF is negative.

(3) Next suppose that the ith switch changes from s; = —1 to +1. The
corresponding change in F is

N
AE = |MMU ,NS.%.N. .
Jj=1

Because the summation must be positive for s; to increase, AF is again
negative.
(4) Finally, if s; does not change, AE is zero.

Because E is bounded from below and AFE is either negative or zero after
each time step (7), E eventually ceases to decrease, and the system either
moves around on a limit cycle at constant F or sits at a stable attractor,
which may be found numerically. In Hopfield’s formulation, each stable
attractor is viewed as a pattern stored nonlocally by the net.

Each such pattern will have a basin of attraction into which the system
can be forced by sensory inputs. In other words, if external stimulations
nudge an attractor neural network into the basin of attraction for one of its
patterns, the system will move to that attractor and remain there, providing

4Further motivation for Hopfield’s model is the fact that Equation (10.8) is an ex-
pression for the total energy of interacting magnets (or atomic spins), which have been of
interest to physicists for decades. Thus several standard results from condensed-matter
physics translate directly into statements concerning the dynamics of nerve systems,
drawing physical scientists into neuroscience [1, 26].
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a model for the brain’s ability to recall intricate memory patterns under
the influence of sensory information.

Assume a pattern of the form Xp, = (7,27, ..., zT), where the com-
ponents are either +1 or —1 with equal probability. To learn this pattern,
the interconnection matrix can then be constructed by the rules

m

D.NG. 0.8 HM:RQ ,
AJ; = 0,

which has the effect of increasing interconnection strengths where both
neurons are in the same state and reducing them where the states are

different. If p patterns are learned in this manner,

1 )4
m=1

where the normalization by N is chosen to keep the components of J at a
uniform level as the number of patterns is increased.®

How many such patterns can be stored by this system?

Supposing that p patterns are randomly chosen, each will seem like noise
to the others. Every time a new pattern is added to the store, in other
words, the elements of J are adjusted, effectively introducing noise into the
task of recovering formerly stored patterns. Because the elements of J are
normalized to N, the total noise amplitude seen by each stored pattern will
grow as /p/N.

If p remains constant while N — oo, the noise amplitude goes to zero and
the storage system works well. With N held constant while p is increased, on
the other hand, a maximum number of patterns (pm) is eventually reached
that is proportional to N |1, 26].

Allowing the network to have stable patterns close to those learned
(where “close” means that no more than 1% of the neurons deviate), it ap-
pears from a combination of theoretical arguments and numerical evidence

that
pm ~ 014N (10.9)

5%or example, if X = (+1,—1,+1,—1), then
0 -1 +1 -1
—1 0 -1 +1

+1 -1 0 -1

-1 41 -1 0

and AJX o X, which is a stationary point of Equation (10.7).
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250 10. Constiractive Brain Theories

o E(z,t): the fraction of excitatory neurons that are firing as a function
of z and ¢, and
» I(z,t): the corresponding fraction of inhibitory neurons,

which are assumed to interact as [53]

&m_
T— Se A\.Tcmm?, zVE(z') — wrp(z,z')I(z")|dz’ + »v?y&v —E,
E::

i

dI
2= s/ [tz #)B(E') — wir(a,2) (e’ + Qa,t)) = 1.

In these woﬁ.ﬁ_ma integro-differential equations, the nonlinearity of neural
response is introduced through the sigmoid functions

100y> 2
Se(y) = mlmlem. IH%OQI ,

% +y 6% + 32
a_mcwwod stems from the interconnection probabilities between neurons at
z and 2/,

and Sr(y)

/
wij(z,z") = bij exp AIEV ;
0ij
and external (sensory) inputs to the excitatory and inhibitory cells are
represented by P(z,t) and Q(z.t), respectively.

It is, of course, difficult to fix the many parameters of such a model
but Wilson suggests the following values as reasonable “guesstimates” mOm
the human neocortex: cgg = 40pm, og; = org = 60pm, or; = 30 um
#g = 20, and f; = 40, and he has made available several MATLAB ooamm
for exploring the resulting dynamics [53). Those familiar with MATLAB are
encouraged to play with these codes and explore the following spectrum of
behaviors.

» Stationary patterns of actiwvity: With bgg = 1.95, byg = bpy = 1.4
and by = 2.2, a short pulse of stimulation (P = 1.0 for 10 ms over m
range of 100 um, and @ = 0) induces a stationary pattern in which the
longer-ranging inhibitory activity surrounds and contains the more
_OQM&N@& excitatory activity. Qualitatively, this behavior is similar to
Turing patterns, which are found in studies of nonlinear reaction-
diffusion systems of more than one dimension [46].

o Transient activity: With bgg = 1.5, bjg = bgr = 1.3, and by = 1.5
a brief stimulation (P = 2.0 over 5 um for 5 ms, and Q = 0) o@ﬁwmm
a transient response, with E rising to a maximum value of about 28
in about 30 ms and then relaxing back to zero.

o Localized oscillations: With bgg = 1.9, byg = bgr = 1.5, and by =
1.5, a o.onmamuﬁ stimulation over a spatial range of 100 yum or more
results in a variety of spatially localized oscillations.
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t=20 30 40 50 60 70 ms |

Ik

millimeters

Figure 10.3. Outgoing wave solutions of the Wilson-Cowan equations (10.11)
generated by a brief pulse of excitation near the origin. .

e Waves of activity: With bgg = 1.9, byg = ber = 1.5, and by =
1.5, and a strongly inhibitory input (Q = —90 while P is applied
briefly over 100 um), subsequent outgoing waves of activity are shown
in Figure 10.3. Traveling at a speed of about 0.06 mm/ms, these
waves are qualitatively similar to the impulses with recovery that
were discussed in Chapter 6 for single fibers. ,

In his book, Wilson offers many more examples of such dynamics, dis-
cussing ways in which neural field theories similar to Equations (10.11) can
model a variety of mental phenomena, including phase transitions, halluci-
nations, and epileptic seizures 8, 13, 15, 18, 22, 30, 31, 48, 53]. Recently,
Ermentrout and Kleinfeld have developed a simple model of cortical wave
motion through a network of weakly coupled oscillators in which only the
phase of the oscillators is influenced by interactions [14].

On a much longer time scale, note that nonlinear field effects may also
play a role in the development of mesoscopic cortical structure along lines
suggested by Alan Turing in 1952 [49]. Such structure occurs in the visual
cortices of mammals, where alternating bands of neurons, receiving inputs
dominated by one or the other eye, are seen. Starting from this observation,
Martha Constantine-Paton and Margaret Law have used experiments on
“three-eyed frogs” to show that these cortical “stripes” are a form of “Tur-
ing pattern” [9, 10, 33]. Interestingly, the active nonlinearity driving the
pattern-formation process stems not from biochemistry as was originally
proposed by Turing. Rather, it is a positive feedback phenomenon with a
closed causal loop having the structure

Increased spiking activity

{ +
Dendritic strength

Thus, the basic driving force is neural activity.
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258 11. Neuronal Assemblies

Second, as we have seen in Chapter 9, it is difficult enough to describe
properly the dynamics of individual neurons; thus, a theory that assumed
interacting assemblies of neurons would be venturing even further out onto
the thin ice of speculation.

A third reason for the tendency to simplify the theoretical picture—in
North America, at least—was the unfortunate domination of psychology
by the beliefs of behaviorism, which focused attention on the condition-
ing of stimulus-response reflexes, thereby ignoring much that comprises
mental reality. From the behaviorist perspective, the concept of internal
cerebral states was rightly shouldered into the background because the sim-
pler ideas of “connection theory” seemed adequate to explain acceptable
psychological data.

With all of these strikes against it, how did Hebb’s theory ever manage
to see the light of day?

11.1 Birth of the Cell-Assembly Theory

During the 1940s, Hebb became impressed with several sorts of evidence
that cast doubt on behaviorist assumptions and suggested that more subtle
theoretical pers;uctives were needed to explain psychological facts [34].
Among such facts is the surprising robustness of the brain’s dynamics, a
well-known example of which was provided by railroad workman Phineas
Gage, who survived having a piece of iron rod go through his brain [56].
With characteristic directness, Hebb put the matter thus: How is it that a
person can register an IQ of 160 after the removal of a prefrontal lobe [32]7

His first publication on the cell assembly stemmed from observations of
chimpanzees raised in a laboratory where, from birth, every stimulus was
under experimental control. Such animals, Hebb noted, exhibited sponta-
neous fear upon seeing a clay model of a chimpanzee’s head [33]. The chimps
In question had never witnessed decapitation, yet some of them “screamed,
defecated, fled from their outer cages to the inner rooms where they were
not within sight of the clay model; those that remained within sight stood
at the back of the cage, their gaze fixed on the model held in my hand”
(35, 36, 38].

Such responses are clearly not reflexes; nor can they be explained as
conditioned responses to stimuli, for there was no prior example in the ani-
mals’ repertory of responses. Moreover, they earned no behavioral rewards
by acting in such a manner. But the reactions of the chimps do make sense
as disruptions of highly developed and meaningful internal configurations
of neural activity according to which the chimps somehow recognized the
clay head as a mutilated representation of beings like themselves.

Another contribution to the birth of his theory was Hebb'’s rereading of
.gmicm von Senden’s Space and Sight [84], which was originally published
in Germany in 1932. In this work, von Senden gathered records on 65

11.1. Birth of the Cell-Assembly Theory 259

patients who had been born blind due to cataracts up to the year 1912.
At ages varying from 3 to 46 years, the cataracts were surgically removed,
and a variety of reporters had observed the patients as they went about
handling the sudden and often maddeningly novel influx of light.

One of the few generalizations over these cases, von Senden noted, was
that the process of learning to see “is an enterprise fraught with innumer-
able difficulties, and that the common idea that the patient must necessarily
be delighted with the gifts of light and colour bequeathed to him by the
operation is wholly remote from the facts.” Not every patient rejoiced upon
being forced to make sense of incoming light that was all but incomprehen-
sible, and many found the effort of learning to see to be so difficult that
they simply gave up.

That such observations are not artifacts of the surgery or uniquely hu-
man was fortuitously established through observations on a pair of young
chimpanzees that had been reared in the dark by a colleague of Hebb [81].
After being brought out into the light, these animals showed no emotional
reactions to their new experiences. They seemed unaware of the stimulation
of light and did not try to explore visual objects by touch. Hebb conjec-
tured that the chimps showed no visual response because they had not yet
formed the neural assemblies needed for perception.

Finally, Hebb pointed out that the learning curve for an individual sub-
ject in a behavioral experiment is not the smoothly rising curve shown in
psychology textbooks. This is because the textbook curves are averages
over many learning experiments, whereas the observations in a particular
experiment are influenced by whether the subject is paying attention to the
task. Thus the factor of attention (otherwise called attitude, expectancy,
hypothesis, intention, vector, need, perseveration, or preoccupation), Hebb
felt, must somehow be included in any satisfactory theory of learning.

As was noted in Chapter 1, these considerations led Hebb to propose
that nerve cells do not necessarily act as individuals in the dynamics of the
brain but often as functional groups, which he called cell assemblies, with

the following properties.

e Each complex assembly comprises a “three-dimensional fishnet” of
many thousands of interconnected cells sparsely distributed over

much of the brain.

o The interconnections among the cells of a particular assembly grow
slowly in numbers and strength as a person maturss in response to
both external stimuli and internal dynamics that are tailored to the
particular experiences of the organism.

¢ One mechanism suggested for the growth of neuronal interconnec-
tions postulated the strengthening of dendritic coutacts through use.
(That this feature has become widely known among nerve network
mavens as a “Hebbian synapse” amused Hebb because it was one of
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262 11. Neuruual Assemblies

Figure 11.2. The Necker cube.

of subassemblies being distributed widely over the brain, a point to which
we will return in the following chapter.

The general idea of hierarchical learning and memory has been rather
carefully formulated by Braitenberg and Pulvermiiller [8]. Although the
acquisition of most of our basic skills lies buried in the forgotten past,
most learning seems layered, with each stage necessarily mastered before it
becomes possible to move on to the next. In the context of Hebb’s theory,
these stages involve the formation of subassemblies from which assemblies
of higher order will subsequently emerge.

Ambiguous Perceptions

No discussion of the brain can neglect the mention of ambiguous figures,
which have fascinated Gestalt psychologists for generations, and my favorite
example—the Necker cube—is shown in Figure 11.2. Attempting to “bridge
the long gap between the facts of neurology and those of psychology,”
Hebb’s theory provides an explanation for the properties of such figures [34].
Gestalt phenomena are thus understood in a visceral manner by supposing
that an assembly is associated with the perception of each orientation.
Upon regarding Figure 11.2, T sense something switching inside my head
every few seconds as the orientations change.

From the several cases of people learning to see that were cited by von
Senden [84], it is clear that the ability to perceive an object in three spatial
dimensions is itself learned, and the Necker cube is particularly interest-
ing because perceptions of its two possible orientations would seem to be
of equal likelihood. In the following section, we model the dynamics of
switching between perceptions of two such orientations, where the over-
all symmetry of the situation suggests that the parameters of the two
assemblies are identical, thereby simplifying analysis.

Stabilized Images
In Hebb’s view, some of the strongest evidence in support of the cell-
assembly theory was obtained from stabilized-image experiments, which
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Figure 11.3. Sketch of contact lens and optical apparatus mounted on the eyeball
of a reclining observer. The wire is connected to a small lamp that illuminates
the target. The thought balloon shows sample sequences of patterns perceived
by the subject with images that are stabilized on the retina by the apparatus.
In the upper row a triangle is the target, and in the lower row, the target is a
square (after a photograph in Pritchard [77}).

were carried out at McGill University in the early 1960s [35, 36, 64, 76, 77].
The experimental setup is sketched in Figure 11.3, where a simple geo-
metric figure (e.g., a triangle or a square) is projected as a fixed image
onto the retina. The subjects are asked to relax and simply report what
they see, and because this is an introspective experiment, typical results
are displayed in a thought balloon.

At first, subjects report seeing the entire figure, but after a few moments
the figures change. Habituation effects (perhaps electrochemical changes in
the stimulated retinal neurons) cause entire parts of the figures to disap-
pear or to fall out of perception. It is the manner in which perceptions of
the figures alter that is of particular interest. Subjects reported that the
component lines or angles (i.e., subassemblies) of a triangle and a square
would jump in and out of perception all at once. These observations are
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266 11. Neuronal Assemblies
11.3 Elementary Assembly Dynamics

In this section, some simple models of cell-assembly dynamics are presented
that describe the average behavior of a relatively large number of interact-
ing model neurons. Because these descriptions are restricted to very simple
representations of the neurons—Ilittle like the more realistic picture that
was developed in Chapter 9—they should be viewed as indicating lower
bounds on the possible behaviors of real neural systems. The generaliza-
tion of such analyses to more realistic neural models is a challenge for
current neuroscience research, and some such attempts are described in
Section 11.5.

11.8.1 Ignition of an Assembly

To model the dynamics of an individual neural assembly as it turns on
(ignites) or turns off (becomes extinguished), we can imagine a large mass
of randomly connected McCulloch~Pitts (M—-P) neurons as described by
Equation (2.10), a problem that goes back to the 1950s [3, 26, 28, 79, 86,
87, 90]. In developing a simple formulation, it is convenient to make the
following assumptions and definitions of additional variables.

e Time (t) is defined on a discrete lattice, with the duration of each
interval equal to the synaptic delay 7.

e F(t) represents the fraction of neurons that are firing at time ¢.

e ] is the number of input connections to each neuron. These are
received randomly from outputs of other neurons in the assembly.

o The refractory times of the neurons are shorter than the synaptic
delay.

With these definitions, we can write the probability of a neuron receiving
exactly j input signals at time ¢ as

A}v Fi(1-F)I=7,

an expression that can be understood as follows.’

(1) I'/4(I — j)! is the number of different ways that j input signals can
be selected from among I input channels.

(2) F7 is the probability of having signals appear on j of the input
channels.

1The alert reader will recall that we met the same expression in Equation (2.5) of
Chapter 2 describing the probability for k synaptic vesicles to release their transmitter
substance through n presynaptic sites.
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Probability of firing P(F)

Firing rate (F)

Figure 11.4. Qualitative behavior of the probability of a neuron firing in the next
time increment P(F) as a function of F, the current firing rate, assuming that
1<o< I

(3) (1 - F)!~7 is the probability of not having signals on the other I — j
input channels.

Because the M—P model neuron gives an output signal when its inputs
are equal to or greater than the threshold 6, the probability of a neuron
firing in the next increment of time is given by the summation

~
P(F)=_ A}v Fi(1-F)'7. (11.1)

Although this expression appears unwieldy, its qualitative behavior is
straightforward; thus for

i=6

1<éb<I,

P(F) is the sigmoid function of F sketched in Figure 11.4.2
The condition

P(F)=F, (11.2)

2o see this, note that P(F) ~ B(I,8)F° near F = 0, where B(I,6) = I'/0\(I — 6)!
is & binomial coefficient. Similarly P(F) ~ 1 — B(I,8 — 1)(1 — F)!=%+! near F = 1.
Because direct calculation shows that P(F') is a monotone increasing function, it must
have the shape indicated in Figure 11.4.
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270 11. Neuronal Assemblies

Once an assemtly has been ignited, Equation (11.5) indicates that it
remains firing forever, but this overlooks habituation effects, inhibitory
inputs from other assemblies, and external sensory inputs, all of which
may reduce the firing rate and increase the ignition threshold Fy. (Similarly,
Equation (11.6) neglects the recovery effects on a nerve fiber stemming from
potassium ion current, which are treated in Chapter 6.) The time course of
the extinction dynamics is again given more precisely by Equation (11.4),
but now Fip; is less than Fy at ¢t = 0, and it is seen from Figure 11.4 that
F(t) > 0ast — oco.

This analytic formulation is tidy, but can we believe it? Should real nerve
networks be expected to behave at all like the variables in these equations?
Because the candid answer is that I do not know, it seems appropriate to
underscore some areas of present concern with the hope that they will be
selected for further study.

First, I repeat that we do not yet know how to accurately model a
single nerve cell, thus the McCulloch-Pitts representation may miss es-
sential neural properties. In particular, the preceding formulation reduces
the communication among neurons to passing information about their av-
erage firing rates, an assumption that overlooks important aspects of neural
dynamics. Perhaps real neurons talk to each other in languages that are
based on time codes, space codes, or some subtle combinations thereof.
Perhaps they use chemical or ephaptic interactions as a sort of body lan-
guage. Over longer distances, cell assemblies might communicate via the
information waves that were considered in the previous chapter. Finally, it
could be that assemblies engage in activities beyond our present ken.

However assemblies interact, an important aspect of neural behavior that
has been neglected in the preceding analysis is the fact that synaptic influ-
ences can be inhibitory as well as excitatory. We will see in the following
section that inhibition plays a key role in determining the ways in which
two or more cell assemblies behave.

11.8.2  Inhibition among Assemblies

At the time of Hebb’s original formulation of the cell-assembly theory, there
was no experimental evidence for inhibition among cortical neurons, so
he conservatively assumed only excitatory interactions. By 1957, however,
cortical inhibition had been observed, so Peter Milner, a colleague of Hebb’s
at McGill University, developed a “Mark II” version of the theory [63]. The
most striking feature of this revised theory is that it allows independent
assemblies to develop from an undifferentiated mass of model neurons.

To evaluate the effect that synaptic inhibition among cortical neurons
might have on cell-assembly dynamics, it is convenient to represent the
behavior of an individual assembly as simply as possible. To this end, let
us set § = 1 in Equation (11.1), whereupon P(F) = 1—(1— F)!. For [ = 2

AR

iy
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(two inputs for each neuron), this expression becomes
P(F) = 2F — F?,

. s . £7
with the same qualitative behavior for larger values o .
Under these simplifying assumptions (6 = 1, I = 2), Equation (11.3)
reduces to
dF

S —FQ1-F),
— = F(1-F)

where time is measured in units of the synaptic delay (7). This is just the
Verhulst equation with solution

F(0)e!
TI+FO) (-1’
which follows from integration of Equation (11.4) and is &mEm.u\ma in Figure
1.3 for several initial values. The same growth equation describes both the

firing rate of a cell assembly and the population of w&mm:ﬁ. >mm.p.P we
find that identical mathematical formulations are useful at widely different

levels of description. . . .
Thus motivated, let us model the dynamics of two identical neural

assemblies with inhibitory interactions by the coupled ODE system

F(t)

mmw = .mw.HA“_.I..muuvivawu
(11.7)
% - RO-R)-aF,

where 0 < F; <1 and 0 < Fy < 1 because F; and F Hmﬁ.mmmoﬁ the fraction
of EwE.oHMm in each assembly that are firing. When positive, gm.ﬁgmgmamn
o introduces an inhibitory interaction between the two mmmwi.urmm because
the —aF, term in the first equation reduces dF/dt and similarly for the
ion. .

mm%% menwww these equations model the role that inhibition v.wm..%m in the
formation of cell assemblies, let us recall a bit of Emeo@” As digital com-
puters became available for scientific problems in the Ea..EmOm, m,nmb.wﬁ
reviewed several approaches to the numerical studies n.z.n. brains, concluding
that Hebb'’s cell-assembly theory was the most promising ?d woowomﬂmw
et al. [82] then began to study the growth of cell mmmmBEE.m in a group o

99 McCulloch—Pitts style model neurons, allowing only excitatory interac-
tions as had originally been proposed by Hebb [34]. Although 35.% found
a diffuse reverberation with a period on the order of the synaptic delay,

mblies did not develop.

mMmH.oEm disappointing result follows directly from Equations (11.7). How?
If we let @ be negative, only excitatory interactions among the neurons are
allowed. In this case, as is seen from Figure 11.5(a), all points on the (F1, F»)
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274 11. Neuroral Assemblies

counterintuitively implying that the rate at which a neural system can
change from one perception to another increases with inhibition (a). This
result is in accord with Hebb’s suggestion that we humans are more intelli-
gent than our fellow mammals in part because we can switch our attention
more quickly from one assembly to another [35, 36].

Another aspect of intelligence, however, is the total number of assemblies
that can be remembered.

11.4 How Many Assemblies Can There Be?

Having considered some of the evidence for the existence of cell assemblies,
it is interesting to ask how many of them can be stored in a human brain.
This is a difficult question to answer because—as we have seen in Chapter
9—there is not yet a clear understanding of what the individual neurons
are doing, but it is possible to make certain lower estimates. To this end,
let us review three considerations.

First, it is presently necessary to use a McCulloch-Pitts style model in
which each neuron is represented by a single switch. Evidently, conclusions
based on this unrealistic assumption can provide only lower bounds on the
possible number of assemblies.

Second, it is not correct to estimate the number of assemblies by divid-
ing the number of neurons in the brain by the number of neurons in an
assembly. Why not? Recall the social analog for cell assemblies, which was
presented in Chapter 1. Just as a particular person in a city may be a mem-
ber of more than one social assembly, so may a single neuron participate
in several different cell assemblies.

Finally, any estimate of the maximum number of assemblies should ac-
count for the fact that the brain is hierarchically structured. Thus, complex
assemblies comprise simpler assemblies, which in turn are composed of yet
simpler ones, and so on. ,

In an important paper that appeared in the mid-1960s, Charles Legéndy
assessed human brain capacity from a simple model [47]. Although the
basic structure of his work is presented here, additional statistical details
are in the origina' publications [48, 49].

To introduce hierarchical character, Legéndy assumed that the brain
mm already organized into subassemblies and modeled their organization
into assemblies. In she spirit of Hebb’s theory, an assembly and one of its
subassemblies variously represent

a setting and a person who is part of it, a word and one of its
letters, an object and one of its details.

To avoid complications of spatial organization, interconnections among
assemblies are taken to be evenly distributed over the brain. (Following a
familiar caricature of a mathematician’s approach to biology, this is the
assumption of a “spherical brain”.)

11.4. How Many Assemblies Can There Be? 275

Like individual neurons, subassemblies and assemblies have excitation
thresholds that must be exceeded for ignition. Whereas the threshold
for a subassembly is assumed to be a certain number of active neurons,
the threshold for an assembly is a certain number of active subassem-
blies. Legéndy considered the subassemblies to be already formed by
weak contacts, whereas assemblies develop from subassemblies through the
development of latent into strong contacts among neurons.

To proceed further, let us introduce the following notation.

N is the number of neurons in the brain.

e A is the maximum number of assemblies that can form in the brain.

e 7 is the number of neurons in a subassembly.

y is the number of subassemblies in an assembly.

a is the number of strong (latent) contacts per neuron.

e m is the maximum number of strong contacts from an assembly to
one of its subassemblies.

Assuming that half of the strong (latent) contacts make output (ax-
onal) connections and the other half make input (dendritic) connections,
the number of output contacts from an assembly is nya/2. Those outputs
connecting to a particular subassembly reach a fraction n/N of the neurons

in the brain; thus

n?ya

2N

The maximum number of assemblies are stored in the model when about
half of the latent connections have been converted into strong contacts.
Why half? Think of a black and white photograph. If all of the pixels are
all white or all black, the image conveys very little information. It is when
about half of the pixels are black and the others are white that the most
information is being stored, and so it is with the conversion from latent to

strong contacts. Thus

m =

A~ Do
2my
In ordinary English, this equation says that the maximum number of as-
semblies in the brain is given by half of the total number of strong (latent)
connections in the brain (Na/2) divided by the number of strong (latent)
contacts in a single assembly (my).
Combining the previous two equations yields an estimate for the max-

imum number of assemblies that can be stored in the brain:

»z AMVM . E.s
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278 11. Neuronal Assemblies

Since the 1970s, the relationship between autoassociative memories (or
associative networks, as they are coming to be called) and Hebb’s cell
assemblies has been an increasingly active area of neuroscience research,
which comprises mathematical [69, 70, 72], neurological [7, 8, 9, 59, 73],
and numerical components [13, 16, 41, 42, 69, 74, 92, 94].

Although much of this work supports the idea that Hebb’s cell assemblies
“provide an intermediate description of the brain between the psychological
and the electrophysiological level” (as Giinther Palm, a leader in associative
nets research, has put it [71]), further tests of the theory depend on more
realistic neural models.

11.6 More Realistic Assembly Models

As we have learned in Chapter 9, the dynamic behavior of a real neuron
is far more intricate than that of an M-P model; thus, the “elementary
assembly dynamics” formulated in Section 11.3 are suspect. To move in the
direction of more realistic models of cell-assembly dynamics, descriptions
of the basic neurons must be improved.

An early attempt in this direction modeled the basic units on motor
neurons (MN), with disappointing results [55]. Interconnected populations
of model neurons showed little tendency for activity to continue after their
initiating inputs were turned off, at variance with Hebb’s original concept of
an assembly “acting briefly as a closed system.” Since the 1980s, however,
more biologically based models of assembly dynamics have been studied by
investigators at the Royal Institute of Technology in Stockholm, leading to
positive results.

The research group (called Studies of Artificial Neural Systems, or SANS,
in the Department of Numerical Analysis and Computing Science, with a
web site at www.nada. kth.se/sans) stems from the doctoral research of
Anders Lansner, which was published in 1986 [42]. From the beginning,
this work concentrated on the development of flexible models that could
be incorporated into system studies with nuanced tradeoffs between neural
realism and the numerical demands of large networks.

Currently, the best introduction to this effort is the doctoral thesis
published in 1996 by Erik Fransén under the direction of Lansner [18].
A key feature of these investigations was the assumption of excitatory
neurons based on cortical pyramidal (P) cells, with Hodgkin-Huxley style
parameters differing from those of MN-cells as follows [44]:

o Less negative resting potential (—50 mV rather than —70 mV).

e Larger “depolarizing after potential” and smaller “after hyperpolar-
ization.” (In Section 4.7, these effects are referred to as “enhancement
zones” and “refractory zones,” respectively.)

¢ Smaller repolarizing voltage (Vk in Table 4.1).
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o Spikes of smaller amplitude and duration.

In addition to either P-cells or MN-cells, the numerical representation
included inhibitory fast-spiking (FS) cells, which are modeled after cortical
interneurons. The earliest simulations consisted of 50 pairs of an excitatory
cell and an FS-cell with 408 excitatory synapses to excitatory cells, 1538
excitatory synapses to inhibitory interneurons, and 50 inhibitory synapses
to excitatory cells.

The numerical model was a neural simulator called SWIM, which is
based on biologically plausible compartmental models for the neurons and
synapses [16]. To reduce the overall computational task, excitatory neu-
rons (MN-cells or P-cells) comprised four compartments each, whereas the
inhibitory interneurons (via FS-cells) had only two.

The system of 50 cell pairs was taught eight different assemblies con-
sisting of eight cells each. Thus some of the excitatory cells (MN or P)
were necessarily members of more than one assembly. As is suggested by
the analysis of Section 11.3.2, interconnections among cells of the same as-
sembly were excitatory, whereas inhibitory interconnections (FS-cells) were
established between different assemblies.

Differences between the behaviors of MN-cells and P-cells in such studies
of Hebb’s cell-assembly theory indicate that details of neural modeling are
qualitatively important. The salient results are now discussed.

After Activity and Reaction Time

As Hebb assumed and the simple analysis of Figure 11.4 suggests, a cell
assembly is expected to maintain its activity for a significant period of
time after the stimulation is turned off. In studies with P-cells, such after
activity was typically observed, with assemblies remaining active for periods
of 350 to 400 ms after the termination of a 40-ms-long stimulation. Using
MN-cells, on the other hand, after activity occurred only in exceptional
cases, in accord with the previous work of MacGregor and McMullen [55].
During sustained firing of the P-cells, the frequency gradually decreased
due to buildup of internal concentrations of Ca*t ions, which activate
a Ca-dependent hyperpolarizing K* current. This is analogous to Hebb’s
cellular “partial exhaustion,” and it eventually leads to extinction of the
assembly activity.

Interestingly, these numerical experiments showed very short reaction
times of about 50-70 ms, implying that each P-cell fires only about five
times before an ignited assembly becomes fully active. This numerical
observation blunts criticisms of the cell-assembly theory based on the sug-
gestion that the turn-on process (indicated by the up-going arrows in Figure
11.4) might be significantly longer than typical perceptual response times.

Ignition Threshold and Pattern Completion
A critical firing level, denoted as Fy in Figure 11.4, was readily observed
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282 11. Neuronal Assemblies

In response to certain qualitative objections raised by Malsburg (58],
the numerical studies of Fransén and Lansner have established that Hebb’s
cell-assembly hypothesis is in approximate accord with both the elementary
analysis of Section 11.3 and with present knowledge of cortical structure.

How has the theory fared in current electrophysiology laboratories?

11.7 Recent Evidence for Cell Assemblies

In the half century since Hebb’s theory of cell assemblies was first proposed,
the experimental techniques of electrophysiology have greatly improved.
Classical methods have been refined and new techniques introduced, leading
Nicolelis, Fanselow, and Ghazanfar to comment in 1997 [66]:

What we are witnessing in modern neurophysiology is increas-
ing empirical support for Hebb’s views on the neural basis of
behavior. While there is much more to be learned about the
nature of distributed processing in the nervous system, it is
safe to say that the observations made in the last 5 years are
likely to change the focus of systems neuroscience from the sin-
gle neuron *o neural ensembles. Fundamental to this shift will
be the development of powerful analytical tools that allow the
characterization of encoding algorithms employed by distinct
neural populations. Currently, this is an area of research that
is rapidly evolving.

In assessing this optimistic perspective, it is important to remember that
observing the dynamic behavior of a “three-dimensional fishnet” compris-
ing several thousand neurons (each receiving several thousand synaptic
inputs) and spread over much of the brain is a daunting task, yet not hope-
less. Although there is presently no possibility of taking microelectrode
readings from most of the neurons in an assembly, records from as few
as two may offer interesting opportunities for research because the exper-
imenter can ask whether the recorded voltages are correlated and observe
how the degree of correlation depends upon the global behavior of the
organism.

Suppose that voltages Vi (t) and Va(t) are measured from two different
neurons of a brain. To learn whether these signals are related to each other,
one can compute their correlation as

Clr) = \S@ + 1) x Va(t)dt, (11.10)

where the integration is over the greatest practical temporal range. If, for
example, Vi (t) is defined between 0 and T1 and V,(t) is defined between
0 and Ty, with T3 > Tb, then appropriate limits of integration would be
from t = 0 to Tb. Thus, varying 7 over the range
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0<7<T1 -T2

effectively slides V; past Va.

With data sets of moderate length and currently available computing
equipment, this is a straightforward numerical task that indicates how much
alike the two signals look. If they are totally unrelated, C () will be small
and random, and one would judge the signals to be uncorrelated. If C()
exhibits some reproducible structure, the signals are partially correlated.
Finally, a large peak at some value of 7 suggests that part of V4 looks much
like a temporal translation of V5.

To avoid unrealistic computing times in applying correlation analysis to
neural data, it is important to choose discrete approximations of Equation
(11.10) that place in evidence the features of interest. Thus an impulse train
might be represented by a series of times (t1,%2, - - ,ta) at which spikes are
observed to occur. Dividing the time axis into B “bins” that are larger than
the minimum interpulse intervals but much less than the total recording
time, an impulse train can then be approximated as the B-dimensional

vector (v1,vs,---,vB), where vj is the number of spikes appearing in the
jth bin.
Two such vectors take the form
Vi = (vi1,12," "+ V16" V1By)
Vo = (va1,22, V26" "»V2B3)

where B; is not necessarily equal to By because there may be a longer run
of reliable data from one measurement than from another.
Assuming that B; > Bs, Equation (11.10) can be approximated as

Ba
QAQV = Me»@+3 X U2p - A“:..”_.C

b=1
Informally, this equation says to slide the longer vector (V1) along the
shorter vector (V) by 3 bins, where 3 is an integer lying within the range

0<B<B— By,

multiply the number of spikes in the (Bz) overlapping bins, and add the
(Bz) products. A large peak of C(8) at some value of 3 suggests that part
of V looks much like a temporal translation of V2.

As noted in Chapter 1, it is now feasible to measure voltages from several
dozen microelectrodes while the subject is undergoing behavioral tests (14,
60, 61, 67, 68, 96]. Because each electrode may indicate the dynamics of
several neurons, up to 100 or more individual signals can be simultaneously
recorded, analyzed, and compared with concomitant behavior.

Groups of neurons producing correlated signals might be acting as mem-
bers of a common cell assembly, a possibility that can be checked by
comparing correlation functions with behavioral observations. In maze ex-
periments on rats, for example, the experimenter might notice whether such
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286 11. Neuronal Assemblies

leagues have been recording from up to 48 (and more recently up to 100)
cortical, thalamic, and brainstem neurons of freely moving rats [25, 65, 67].
Widespread oscillations in the range from 7 to 12 Hz were observed, which
began when the animals were still but alert and predicted the onset of
whisker twitching. Starting as a traveling wave of activity in the cortex
(see Figure 10.3), this action spread to the thalamus and the trigeminal
brainstem complex. Correlation calculations between pairs of these signals
indicate that

the coding of sensory information in most cortical and subcor-
tical relays of the trigeminal pathways occurs at the ensemble
rather than at the single unit level and involves both spatial
and temporal domains.

Deadwyler et al. have studied the relationships among recordings from
ten different locations in the rat’s hippocampus while the animal was under-
going a behavioral learning task [14]. Because the hippocampus is regarded
as essential for storage and readout of cerebral information, these experi-
ments were expected to shed light on the nature of neural dynamics during
learning. From observations on seven animals, these authors show that

ensemble encoding and retrieval of “fupctionally relevant”
information are represented as distinct firing patterns in
hippocampal networks.

If neuronal assemblies exist in the neocortex, one would hope to be able
to switch them on and off—as suggested by Figure 11.5(b) and the dynamic
properties of Equations (11.7)—and this is what Maldonado and Gerstein
have managed by inserting ten tungsten microelectrodes into the rat’s au-

ditory cortex [57]. Both intracortical microstimulation (ICMS) through the

electrodes and acoustic stimuli were used as probes during 15 different ex-
periments. Based on correlation analyses of their data, these researchers

conclude as follows.

We have identified neuronal assemblies in two ways, defined
through similarity of receptive field properties and defined
through correlated firing. Close anatomical spacing between
neurons was conducive to, but not sufficient for membership in,
the same assembly with either definition. ICMS changed cor-
tical organization by altering assembly membership. Our data
showed that neuronal assemblies in the rat’s auditory cortex can
be established transiently in time and that their membership is
dynamic.

Finally, it is interesting to note recent evidence in support of Hebb’s
phase sequence in which a series of assemblies are ignited one after another
to comprise a train of thought [54].
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To this end, Louie and Wilson used implanted multielectrodes to record
from hippocampal CA1 pyramidal cells of rats (see Figure 9.1), which are
known to be “place cells” that tend to fire when the animal is in a particular
location [96]. The rats were trained to run around a circular track in search
of food, and recordings were made during the actual awake activity (RUN)
and also during shorter periods of “rapid eye movement sleep” (REM) [97].

Only those cells judged to be “active” (with firing rates greater than 0.2
Hz) were included in the analysis, leading to impulse train recordings from
between 8 and 13 electrodes for a particular experiment. With bin sizes of
1 s and RUN recording times up to 4 minutes, the RUN-REM correlation
was computed for each electrode as in Equation (11.11) and then averaged
over the electrodes.

Such computations of RUN-REM correlation showed no similarity be-
tween the two measurements, but this fails to account for the possibility
that the time scale of the REM signal could differ from that of awake ac-
tivity (RUN). Stretching out (or slowing down) the REM data by a factor
of about 2, on the other hand, gave sharply defined correlation peaks that
could not be ascribed to happenstance. The authors claim that these results
demonstrate that “long temporal sequences of patterned multineuronal ac-
tivity suggestive of episodic memory traces are reactivated during REM
sleep.”

11.8 Recapitulation

This chapter opened with a survey of Donald Hebb’s seminal formulation
of the cell-assembly hypothesis for the robust storage and retrieval of in-
formation in the human brain and emphasized key aspects of the theory.
Early evidence in support of Hebb’s theory was reviewed, including the
hierarchical nature of learning, perceptions of ambiguous figures, stabilized
image experiments, sensory deprivation experiments, and anatomical data.
from the structure of the neocortex.

A simple mathematical model for interacting cell assemblies was then de-
veloped that describes ambiguous perceptions and suggests the importance
of inhibitory interactions among cortical neurons for assembly formation
and switching.

This model implies that cell assemblies emerge from intricate closed
causal loops (subnetworks) of positive feedback threading sparsely through
the neural system. Assemblies exhibit all-or-nothing response and threshold
properties (just like the Hodgkin-Huxley impulse or an individual neuron);
thus, an assembly is also an attractor. Interestingly, speed of switching from
one assembly to another is found to increase with the level of interassembly
inhibition. Under simple assumptions, a generous lower bound on the num-
ber of complex assemblies that can be stored in a human brain is estimated
as about one thousand million—the number of seconds in 30 years.
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