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AbstractÐIt is proposed that altered dendrite length and de novo formation of new dendrite branches in
cholinoceptive cells are responsible for long-term memory storage, a process enabled by the degradation
of microtubule-associated protein-2. These memories are encoded as modality-speci®c associable rep-
resentations. Accordingly, associable representations are con®ned to cytoarchitectonic modules of the
cerebral cortex, hippocampus, and amygdala. The proposed sequence of events leading to long-term sto-
rage in cholinoceptive dendrites begins with changes in neuronal activity, then in neurotrophin release,
followed by enhanced acetylcholine release, muscarinic response, calcium in¯ux, degradation of microtu-
bule-associated protein-2, and ®nally new dendrite structure. Hypothetically, each associable represen-
tation consists of altered dendrite segments from approximately 5000±15 000 cholinoceptive cells
contained within one or a few module(s). Simultaneous restructuring during consolidation of long-term
memory is hypothesized to result in a similar infrastructure among dendrite sets, facilitating co-acti-
vation of those dendrite sets by neurotransmitters such as acetylcholine, and conceivably enabling high
energy interactions between those dendrites by phenomena such as quantum optical coherence. Based on
the speci®c architecture proposed, it is estimated that the human telencephalon contains enough den-
drites to encode 50 million associable representations in a lifetime, or put another way, to encode one
new associable representation each minute. The implications that this proposal has regarding treatments
for Alzheimer's disease are also discussed. # 1998 Elsevier Science Ltd. All rights reserved
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1. INTRODUCTION

There has been a long quest for understanding the
neurobiology of human memory. Starting with Karl
Lashley (1950) and Donald Hebb (1949), if not ear-
lier (see Tanzi, 1893; Cajal, 1928), we encounter
notions regarding how an enduring memory trace or
``engram'' might be formed with learning. The
engram is by de®nition a functional and physical
change in the brain. By implication, the molecules
involved with the engram are those intimately re-
lated to neuronal function and structure. Currently,
there is a great deal known about many of the var-
ious molecules found in the brain. In this paper, I
will propose a hypothetical sequence of molecular
events in the nervous system that could account for
memory storage in cholinoceptive cells, then discuss
the strengths and weaknesses of that proposal, and
®nally suggest experiments to test the model.
The hypothetical sequence presented here elabor-

ates on how ¯uctuations in the release of acetyl-
choline could alter cortical circuitry and thereby
permanently encode memory. This seems appropri-
ate since cortical release of acetylcholine has an
established role in memory, or perhaps more pre-
cisely in selective attentional processes that enable
memory (for recent reviews see Wenk, 1997; Sarter
and Bruno, 1997; for earlier reviews see Drachman,
1977; Bartus et al., 1982). Moreover, the cholinergic
de®cit remains a prominent hallmark of Alzheimer's
disease (for recent reviews see Brion, 1996;
Mesulam, 1996; Palmer, 1996): a ®nding that has
been validated many times since its initial descrip-
tion (Bowen et al., 1976). Of particular importance
to the idea that cholinergic systems play a role in
memory is the fact that the degree of intellectual
impairment shown in patients with Alzheimer's dis-
ease is correlated with the degree to which cholin-
ergic enzymes are depleted (Perry et al., 1978;
Palmer, 1996). Also, cell losses in the cholinergic
basal forebrainÐwhich includes the telencephalic
projection neurons in the nucleus basalis and medial
septal nucleusÐcontinue to be found in postmortem
tissue from patients diagnosed with Alzheimer's dis-
ease (Whitehouse et al., 1981; Boissiere et al., 1997).
The results of many animal studies support a

cholinergic role in memory; however, some animal
studies provide data that challenges this view.
Spatial memory, in particular, appears to rely heav-
ily on the rostral part of the basal forebrainÐna-
mely the septohippcampal system (see Muir, 1997).
Selective lesions of cholinergic basal forebrain neur-
ons made with the immunotoxin, IgG 192-saporin,
have produced dose-dependent de®cits in short-term
spatial or discriminative memory (Waite et al., 1995;
Lezana et al., 1996; Walsh et al., 1996; Shen et al.,
1996). However, spatial learning de®cits were not
apparent in a number of other studies using IgG
192-saporin (see Baxter et al., 1996; McMahan et
al., 1997). Accordingly, some authors feel that the
role acetylcholine plays in memory has been over-
stated (see Blokland, 1995).
Another criticism of the cholinergic hypothesis of

memory is that it ignores the contributions of other
neurotransmitters. By focusing on acetylcholine in
this paper, I do not mean to imply that acetylcholine

is the only cortical neurotransmitter system involved
in memory. The interaction between acetylcholine
and glutamate, especially the interaction between
muscarinic acetylcholine receptors with NMDA glu-
tamate receptors, is notably critical to memory and
will be discussed more fully in Sections 4.1, 4.5 and
4.6. Also, the monoamine transmitters appear to
perform many of the same functions as do cholin-
ergic neurons, and monoaminergic neurons may
substitute for the cholinergic system under certain
circumstances. This is shown by pharmacological
studies in which blockade of the cholinergic system
only impairs memory, whereas combined blockade
of the cholinergic and either the serotonergic or nor-
adrenergic system can totally disrupt memory func-
tion (Vanderwolf, 1987; Ohno et al., 1997).
Similarly, cholinergic systems appear to interact
with dopamine systems in memory tasks (Hersi et
al., 1995). The results of all these experiments
suggest that cholinergic and monoaminergic systems
may operate cooperatively during memory for-
mation.
The theme of this paper is not to argue ``if'' the

cholinergic systems participate in memory, but
rather to argue ``how'' they might participate.
Certainly, the former question has been covered in
many thorough reviews (e.g., Muir, 1997; Sarter and
Bruno, 1997; Wenk, 1997). Also, other investigators
have addressed the issue of how cholinergic systems
participate in higher cognitive functions from di�er-
ent perspectives, for example, through neural net-
work modeling (Hasselmo et al., 1996; Myers et al.,
1996). In this paper, I will review recent research
pertaining to the plasticity of cholinoceptive cells, in
particular, the evidence that cholinoceptive cell den-
drites undergo restructuring during memory for-
mation. Changes in the cholinoceptive cell dendrites
may not be entirely under the modulatory guidance
of acetylcholine, however. Cortical synapses releas-
ing other neurotransmitters may also modulate
these dendrites. Nonetheless, the present focus will
be on cholinoceptive cell dendrites and their cholin-
ergic a�erents. From the perspective of neuroplasti-
city with behavioral conditioning, there are several
pieces of evidence suggesting that the cholinoceptive
cells are prominently involved in memory encoding.
Acetylcholine release in the cerebral cortex

appears to be largely responsible for cortical re-
sponse adaptation attendant with behavioral con-
ditioning. Mednikova (1990) found that most
conditionally responsive cells were cholinoceptive;
only one cell that was not conditionally reactive
responded to acetylcholine. The correlation between
participation in conditioning and sensitivity to
acetylcholine was statistically signi®cant. In another
series of experiments, conditional changes in cortical
cells depended on acetylcholine in approximately
90% of cells recorded (Rigdon and Pirch, 1986;
Pirch et al., 1992). This is quite a remarkable corre-
spondence considering that only 14±16% of cortical
cells appear to be cholinoceptive. KrnjevicÂ and
Phillis (1963) recorded from 1367 cortical cells,
including the ordinarily ``silent'' cells, and found
that only 14.6% of cortical neurons respond to
acetylcholine. Counts of cell bodies reacting to anti-
bodies against muscarinic receptor or acetylcholin-
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esterase histochemistry similarly showed that 15.6%
or 14.7% of cells in cerebral cortex are cholinocep-
tive (Woolf, 1993).
Every cholinoceptive cell is furthermore enriched

with abundant amounts of the labile cytoskeletal
protein: microtubule-associated protein-2 (MAP-2),
and conversely, 80% of MAP-2 rich cells are choli-
noceptive (Woolf, 1993). The localization of MAP-2
also appears to be related to behavioral condition-
ing. Pavlovian conditioning and contextual learning
alters immunohistochemical reactions for MAP-2
(Woolf et al., 1994, 1996). Here we are talking
about three relatively small, select cell populations
that overlap almost perfectlyÐnamely cells showing
conditional electrophysiological adaptation, con-
ditional cytoskeletal protein change, and receptivity
to acetylcholine. It seems highly unlikely that these
correspondences are not functionally relevant.
Also, cholinergic a�erent axons have terminal

®elds restricted to modality-speci®c modules of cor-
tex thereby enabling them to modulate cortical pro-
cessing of modality-speci®c stimuli, conceivably in
relation to memory formation (see Section 3.1). The
functional importance of the cortical module is illus-
trated in our studies showing memory-related MAP-
2 alterations occur in entire sets of cholinoceptive
neurons organized within discrete modules of cer-
ebral cortex or discrete sectors of hippocampus
(Woolf et al., 1994, 1996). Thus, the cholinoceptive
cells and their modi®able dendrites that are orga-
nized within discrete modules arguably serve as
``engram units'' in the cortex and hippocampus.

Cholinoceptive dendrites do receive cholinergic
inputs, but we must keep in mind that they also
receive input from virtually every neurotransmitter
system in the cerebral cortex. The 20% of MAP-2
rich cells that are not cholinoceptive may constitute
another group of memory-related cells that respond
exclusively to other neurotransmitters. Nonetheless,
the cholinoceptive cells would appear to be the lar-
gest set of engram units. A preliminary way to test
this idea is to evaluate what is presently known
about cholinergic involvement in the speci®c stages
of memory. In the next section, we will consider the
stages of memory storage and memory-related
phenomena, such as attention.

2. TYPES OF MEMORY AND RELATED
ISSUES

Memory can last a fraction of a second or a life-
time. Memory experts often speak of di�erent stages
or types of memory: the three most basic types of
memory evident in humans and possibly in labora-
tory animals are sensory, short-term, and long-term
memory (see Squire, 1986; Baddeley, 1992).
Unfortunately, the distinctions between sensory,
short-term, and long-term memory are not always
clear-cut. In particular, the time it takes for infor-
mation in short-term memory to enter permanent
long-term storage varies. Thus, any neurobiological
model of memory must take this into account.

Memory storage in cholinoceptive cells is pro-
posed to occur according to the following sequence
of events. First, the amount and distribution of

acetylcholine released into speci®c regions of the cer-
ebral cortex and hippocampus controls ongoing sen-
sory processing and the organism's attention level.
The cholinergic basal forebrain neurons possess this
capability because they receive relays originating
from cholinergic and monoaminergic neurons in the
brainstem that integrate information they receive
from multimodal sensory ®ber collaterals (see Woolf
and Butcher, 1986; Woolf, 1996a). This sensory pro-
cessing is transient, being updated approximately
each half second (the time interval may actually
vary from 150±700 msec). Since most sensory infor-
mation is lost within a fraction of a second, the pro-
cess of sensory encoding may be comparable to the
very brief sensory memory. Stimuli allocated a
greater degree of attention, however, may move on
to short-term memory encoding. In this case, we
would expect a prolonged elevation in acetylcholine
release at speci®c cortical sitesÐthe distribution of
these sites would be organized according to the mo-
dality speci®c structure of the cerebral cortex. Short-
term memory would last as long as enhanced release
of acetylcholine could be maintained.
At some point, acetylcholine release would be

expected to return to baseline; nonetheless, the same
spatial distribution of enhanced release could be re-
instated at a later time (see Woolf, 1996a,b).
Recurring bouts of enhanced release could conceiva-
bly continue over weeks, months, or years, just as
consolidation into long-term memory storage takes
variable amounts of time. A permanent storage
form that would replace enhanced release of acetyl-
choline would greatly bene®t the organism, for one,
because the allocation of cholinergic control to one
function takes away from its participation in
another (see Callaway et al., 1992).
The long-term storage or engram envisioned here

is dendritic change in distributed sets of cholinocep-
tive cells. These changes might include modi®cation
of dendrite length and the de novo formation of dis-
tal dendrite branches. Hypothetically, these dendri-
tic changes would enable selective attention to
stimuli in the presence of moderate, rather than el-
evated, levels of acetylcholine release. Later (see
Section 5.1), I will elaborate on how modi®ed sets
of distal branches might provide long-term storage
of complex information. Along with changes to the
cholinoceptive cell dendrites, spatial reorganization
of cholinergic terminals is predicted. These reorgan-
ized terminals could participate in retrieval of infor-
mation, but since the cholinoceptive cells receive
other inputs, other neurotransmitter systems could
evoke retrieval, as well.
To test the feasibility of this model, I will com-

pare and contrast studies of cholinergic antagonism
in human and animal subjects. Many studies have
described various types of cognitive impairment fol-
lowing the administration of cholinergic antagonists.
The non-selective muscarinic antagonist, scopola-
mine, has been used extensively, in part, because it
can be readily administered to human and animal
subjects. Thus, a large number of studies using sco-
polamine are available for comparison. Nonetheless,
the central e�ects of scopolamine are not straight-
forward. Scopolamine blocks presynaptic autorecep-
tors, as well as postsynaptic receptors: antagonism
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of presynaptic autoreceptors by scopolamine leads
to increased acetylcholine release (Vannucchi and
Pepeu, 1995). Another approach is to selectively
lesion cholinergic basal forebrain cells. There are
contradictory results, along with a general consensus
among both pharmacological and lesion studies.
These will be discussed for each speci®c type of
memory.

2.1. Sensory Memory and Sensory Processing

Approximately 2 to 3 times per sec, particular sets
of incoming information are held in very brief sen-
sory storage. Visual sensory memory is also called
iconic memory and the brief sensory memory of
auditory events is called echoic memory. Temporal
summation of inputs to cholinergic cells within their
endogenously occurring ®ring cycles has been pro-
posed as a basis of the brief sensory memory
(Woolf, 1996a); however, there is only a small
amount of direct evidence for this. Scopolamine
administered to human subjects, for example, seems
to impair rapid information processing (Wesnes and
Warburton, 1984). Also, IgG 192 saporin lesions of
the basal forebrain impair discrimination to very
brief stimuli, especially in aged animals (Stoehr et
al., 1997). Nonetheless, there are far too few exper-
imental data available to make any ®rm conclusion.
Thus, the involvement of cholinergic neurons in the
very brief sensory memory remains speculative.
There are abundant data, however, supporting a
cholinergic role in sensory processing in general (see
Wenk, 1997; Sarter and Bruno, 1997).

2.2. Short-Term Memory

A large number of studies support a role for
acetylcholine in short-term memory and the acqui-
sition of new information. The majority of studies
using scopolamine show impaired encoding of new
memory in humans, primates, and rodents (for
review see Hasselmo et al., 1996). However, other
studies using scopolamine suggest that the drug dis-
rupts attentional processes rather than memory
(Cheal, 1981).
As described in the introduction of this paper,

recent studies using the selective cholinotoxin, IgG
192 saporin, also produce mixed results. A possible
factor for these mixed results may be the task; radial
arm maze performance may be more susceptible to
impairment than performance on the Morris water
maze (Dornan et al., 1996). Another critical factor
is the degree of cholinergic depletion. Waite and col-
leagues (1995) found IgG 192 saporin produced
severe dose-dependent short-term memory impair-
ments only when there was a i90% reduction of
choline acetyltransferase. But even high doses of
IgG 192 saporin do not completely destroy the
cholinergic basal forebrain system. This is illustrated
by another study in which short-term memory de®-
cits resulting from a 90±95% depletion of cholin-
ergic neurons were further exacerbated by the
administration of scopolamine (Lezana et al., 1996).
The immunotoxin, IgG192 saporin, will never
accomplish total destruction of the cholinergic basal
forebrain because there is a population of basal

forebrain cholinergic cells that project to the amyg-
dala and adjacent limbic cortices that are not sensi-
tive to the immunotoxin (Heckers et al., 1994). It is
conceivable that new selective neurotoxins will tar-
get all the cholinergic basal forebrain cells. A recent
approach employing immune-mediated damage to
cholinergic medial septal cells causes mnemonic de®-
cits and this method may cause more complete
damage to cholinergic neurons (Kalman et al.,
1997).
Yet another possible way of reconciling the

apparently discrepant ®ndings between di�erent IgG
192 saporin studies is to conclude that the cholin-
ergic basal forebrain neurons play a role in selective
attention rather than short-term memory (for review
see Sarter and Bruno, 1997; Wenk, 1997). We are
then left to determine how selective or focused
attention and short-term memory are related.
Cowan (1995) proposes an integrated framework for
attention and memory. The hypothetical model for
short-term memory proposed in this paper similarly
includes selective attention as a component of short-
term memory and is thereby consistent with both in-
terpretations of the IgG 192 saporin results.

2.3. Long-Term Memory

Scopolamine appears to be less disruptive to long-
term memory storage than to short-term memory
(Bartolini et al., 1992; Moran, 1993; Givens and
Olton, 1994). Once a memory has been consoli-
dated, it may no longer be susceptible to disruption
by scopolamine. When scopolamine was adminis-
tered at di�erent times during the post-acquisition
period of a spatial discrimination task, it took at
least 3 hr for long-term retention of the task to
become resilient to the e�ects of scopolamine
(Toumane and Durkin, 1993).
The relative resilience of long-term memory to

cholinergic antagonists is consistent with the present
model. As will be discussed in Section 4, the bio-
chemical cascade leading to dendritic reorganization
may be initiated immediately, as we have observed
in the cerebral cortex (Woolf et al., 1994), or it may
be delayed for weeks, as we have observed in the
hippocampus (Woolf et al., 1996). Once the process
for altering dendrites is initiated, cholinergic input
may no longer be necessary. Nonetheless, cholin-
ergic blockade might be expected to impair retrieval.
Studies evaluating acetylcholine and memory

retrieval have yielded mixed results. In one study
using human subjects, scopolamine disrupted retrie-
val of items in a free recall test (Rusted and
Warburton, 1989), whereas, another study using
human subjects failed to ®nd a cholinergic role in
retrieval processes (Vitiello et al., 1997). Some ani-
mal studies also indicate scopolamine interferes with
retrieval (Beatty and Bierley, 1986; Molinengo,
1993), as do basal forebrain lesions (Murai et al.,
1995). Riekkinen and Riekkinen (1997), however,
provide data implicating NMDA receptors rather
than muscarinic receptors in retrieval.
To summarize, cholinergic mechanisms are impli-

cated in selective attention and short-term memory
to a much greater extent than in long-term memory.
Retrieval from long-term memory storage, however,
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may be mediated by acetylcholine, at least in part.
To further understand these roles, we will consider
the topography of cholinergic innervation of the
mammalian telencephalon next.

3. CHOLINERGIC INNERVATION OF THE
TELENCEPHALIC MANTLE

The cholinoceptive cells of the cerebral mantle are
diverse in cell type (see Fig. 1) but all share one im-
portant feature: they receive inputs from an inter-
connected collection of cholinergic neurons located
at the base of the telencephalonÐthe cholinergic
basal forebrain. Cholinergic neurons in the basal
forebrain innervate the entire telencephalic mantle,
including the cerebral cortex, hippocampal for-
mation, and amygdala (for reviews see Wainer and
Mesulam, 1990; Woolf, 1991).
An overview of the topography of cholinergic in-

nervation suggests that limbic cortex is innervated
by the more rostral and medial cholinergic cells and
the neocortex is innervated by more caudal and lat-
eral cholinergic cells. Each cholinergic cell innervates
one cortical area, and neighboring cholinergic cells
often innervate di�erent, even distant, cortical areas.
Thus, there is great potential for coordinated acti-
vation of telencephalic regions that are nearby, as
well as, far apart (see Woolf, 1996a,b).

The components of the cholinergic basal forebrain
can be referred to in two ways. One method is to use

the anatomical terms that were associated with those
regions before the cholinergic neurons were discov-
ered; another method is to use the nomenclature
Ch1±Ch4 based on the location of cholinergic cell
bodies. The medial septal nucleus (Ch1) and nucleus
of the vertical limb of the diagonal band (Ch2) prefer-
entially innervate the hippocampus and nearby limbic
cortex (Woolf et al., 1984; Wainer and Mesulam,
1990). In the rat, the simple majority of these septo-
hippocampal neurons, about 60%, are cholinergic
(Woolf et al., 1984). The nucleus of the horizontal
limb of the diagonal band (Ch3), magnocellular pre-
optic area, substantia innominata, and nucleus basa-
lis (Ch4), in this order, constitute a rostral-to-caudal
collective of cholinergic neurons that innervates parts
of the limbic cortex, the amygdala, and neocortex
(Wainer andMesulam, 1990; Woolf, 1991). In the rat,
nearly all the cells with neocortical projections are
cholinergic (Woolf et al., 1983). The same general
scheme holds for cholinergic projections in the pri-
mate (for review see Wainer andMesulam, 1990).

3.1. Modules in the Cerebral Cortex

The neocortex is divided into cytoarchitectonic
regions related to specialized cortical functions.
Each cytoarchitecturally-de®ned region assumes a
particular function that is constrained by the sen-
sory modality of its thalamic input. As is well
known, this thalamic input is a point-to-point rep-
resentation of a sensory modality: visual cortices are
retinotopic, auditory cortices are tonotopic, somato-
sensory cortices are somatotopic, and so forth.
Mountcastle (1987) recognized the fundamental im-
portance of this organization and proposed that dis-
tributed activity in selected sets of modules is the
neural correlate of higher cognitive function.
The cholinergic innervation of the neocortex

obeys this principle of modular organization.
Individual cytoarchitectonic regions of cortex, which
might also be called modules, are innervated by dis-
crete groups of cholinergic cells: these cytoarchitec-
tonic regions measure, at most, 1±2 mm2 in rat
brain (Bigl et al., 1982; Price and Stern, 1983; Saper,
1984). The cholinoceptive cells in each module are
of all types; large pyramidal, small pyramidal, and
non-pyramidal (Fig. 1). Nearly all the cholinoceptive
cells are intensely immunoreactive for MAP-2, as
well (Woolf, 1993). By virtue of their size, the large
pyramidal cells contain the most MAP-2, within
which this cytoskeletal protein is localized to the
soma, the apical dendrite, and some side-branches
(see Fig. 2).

The importance of the module is indicated in our
experiments with MAP-2. In rats trained to associ-
ate a tone with a fear-producing shock, MAP-2
immunohistochemistry was enhanced in cholinocep-
tive cells con®ned to discrete cytoarchitectonic
regions of the auditory cortex (Woolf et al., 1994).
In this experiment, MAP-2 changes occurred largely
in Te2 and Te3, cytoarchitectonic regions corre-
sponding with association auditory cortex in the rat.
Curiously, the MAP-2 cells in which the immunohis-
tochemical reaction was enhanced had larger somal
areas compared to control animals (Woolf et al.,
1994). The uniformity of this change made a�ected

Fig. 1. Immunohistochemic staining for muscarinic recep-
tor using the M35 antibody. Reprinted with permission
from Elsevier Science, Amsterdam (Woolf, 1993). Cortical
layers are labeled 1±6; CC: corpus callosum. Scale bar:

150 mm.
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areas stand out upon microscopic inspection, much
as do cytoarchitectonic regions. Thus, it is not
unreasonable to entertain the possibility that
cytoarchitectonic features that distinguish one area
from the next are dynamic, not static. Recent reor-
ganization due to memory functionÐat least in
partÐmay determine how readily one area of cortex
can be distinguished from adjacent areas. This could
explain why all brains do not show equally well a
delineation between various cytoarchitectonic
®eldsÐa reason why the early attempts to parcel the
human neocortex into very small cytoarchitectonic
®elds was rejected (for further discussion, see
Mountcastle, 1978).

3.2. Hippocampal Sectors Resemble Modules

The hippocampus has a distinctive cytoarchitec-
tonic organization (for recent description see Rosene
and Van Hoesen, 1987). The hippocampus proper is
divided into sectors CA1, CA2, CA3 and CA4 and
is characterized by a narrow band of pyramidal
cells. The hippocampal formation includes the hip-
pocampus proper, along with the dentate gyrus and
subiculum. Cells in the dentate gyrus and subiculum
are less orderly in their arrangement.
The large pyramidal cells and some non-pyrami-

dal cells in the hippocampus proper are cholinocep-
tive (Woolf, 1993). Like their counterparts in the
neocortex, these cholinoceptive cells are MAP-2
rich. Moreover, these hippocampal cells demon-
strate enhanced MAP-2 immunoreactivity when ani-

mals are trained to remember a novel context
(Woolf et al., 1996). Similarly to MAP-2 alterations
with tone memory, the MAP-2 changes correlated
with contextual memory are con®ned discrete
cytoarchitectonic regions, in this case, hippocampal
sectors CA1 and CA2 (Woolf et al., 1996; cf. Woolf
et al., 1994).
Since both receive cholinergic a�erents from the

basal forebrain and both demonstrate restricted cho-
linoceptive cell plasticity, the cytoarchitecturally
de®ned sectors of the hippocampus proper resemble
cortical modules. A�liated hippocampal regions
may also function as relatively discrete units. In this
treatise, neocortical modules and hippocampal sec-
tors will be tentatively considered as functionally
similar units, tempered by full recognition of their
inherent di�erences. To the extent that this analogy
applies, hippocampal sectors might resemble mod-
ules of association neocortex (see Pandya and
Yeterian, 1985).

3.3. Amygdalar Nuclei Resemble Modules

The amygdala is divided into individual nuclei on
the basis of cytoarchitecture; these include the basal,
basolateral, lateral, cortical, and central nuclei of
the amygdala. All parts of the amygdala receive a
moderate to dense cholinergic input from the sub-
stantia innominata and nucleus basalis (Ch4), except
for the central nucleus of the amygdala which may
be more sparsely innervated (Woolf, 1991; Amaral
and Bassett, 1989). We have observed decreased
immunohistochemistry for MAP-2 in the basolat-
eral, lateral, and cortical nuclei of the amygdala
with fear conditioning; however, there was some in-
dication of MAP-2 breakdown in the amygdala
(Woolf et al., 1994). These ®ndings may indicate
that a neural representation for fear was already
stored in the amygdala before the animals were
trained, because the amygdala is undoubtedly
involved in fear conditioning (Maren et al., 1996;
Mayford et al., 1996).
The cholinergic cells in the basal forebrain pro-

jecting to the amygdala lie immediately lateral to the
cholinergic cells projecting to the auditory cortex,
and there is potential for dendritic and traditional
synaptic contact to exist between these cholinergic
cells (see Woolf, 1996b). As shown in Fig. 3, the
cholinergic cells might provide the associative link
between the frequency-related representation of the
tone CS stored in the auditory cortex and the neural
representation of the autonomic sensations related
to the fear of the US stored in the amygdala.

There is no cortical storage of the association pos-
ited. Instead, it is conceived that ``associable rep-
resentations'' are stored in the auditory cortex and
amygdala. The association requires three neural
structures: the auditory cortex, the amygdala, and
the cholinergic basal forebrain. Presumably, acetyl-
choline released from basal forebrain cells causes
sequentially focused attention upon these two as-
sociable representations; each representation would
be selectively attended for approximately one half
second corresponding to the ®ring cycles of cholin-
ergic neurons (for further discussion, see Section 2.1
and Woolf, 1996a). The time frame posited here is

Fig. 2. A cortical pyramidal cell immunostained for MAP-
2. Arrowheads point to the heavily stained apical dendrite.
Note immunostained side-branches emanating from the
apical dendrite. The arrow points to a basilar dendrite.

Scale bar: 20 mm.
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consistent with the long-standing observation that
250±500 msec intervals between the CS and US pro-
duce optimal conditioning (McAllister, 1943;
McAdam et al., 1965). In this time frame, one as-
sociable representation would immediately follow
the other; in other words, the two representations
would be temporally successive. It follows that the
associative strength between two temporally succes-
sive representations would be the strongest.

That the association is within limits ¯exible, such
that each associable representation is not strictly
tied to its associated partner, is also consistent with
the literature on learning preparedness. According
to learning preparedness theory, stimulus represen-
tations can be associated in many, but not all, poss-
ible combinations (for an early review see Seligman,
1970). Also, this proposal is consistent with the lit-
erature on reacquisition or spontaneous recovery
following extinction. Associations extinguished by
unpaired presentations of the CS and US are more
easily reestablished with CS-US pairings at a later
time (Napier et al., 1992; Rescorla, 1997).
Accordingly, associable representations need to be
more enduring and associations more ¯exible. The
present model satis®es these requirementsÐassoci-
able representations are encoded by structural
changes in dendrites which are enduring associations
are due to patterns of acetylcholine release, which
are ¯exible.
All this speculation depends on the ability of the

CNS to form associable representations. The next
section will be devoted to plausible chemical cas-
cades that may be involved in the formation of as-
sociable representations such as those described here
in the auditory cortex and amygdala.

4. HYPOTHETICAL SEQUENCE OF EVENTS
SURROUNDING MEMORY ENCODING

This section deals with possible chemical events
during memory encoding of associable represen-
tations. The neural correlates of these associable
representations are hypothesized to be changes in
dendrite segment length and de novo dendrite branch
formation. The proposed sequence focuses on the
transition from short-term memory to long term-
memory.
As illustrated in Fig. 4, the proposed events begin

with changes in neuronal activity, then in neurotro-
phin release, followed by enhanced acetylcholine
release, muscarinic response, Ca2+ in¯ux, MAP-2
degradation, and ®nally new dendrite structure. The
latter part of this proposed sequence seems to the
same for both the cerebral cortex, for example, audi-
tory association cortex, and the hippocampus, for
example, sectors CA1 and CA2 (see Woolf et al.,
1994; Woolf et al., 1996). Nonetheless, the time
after training at which MAP-2 alterations occur is
markedly di�erent for the auditory cortex and hip-
pocampus.

4.1. Enhanced Electrical Activity

Increased depolarization or potentiated responses
are a likely starting point in the cascade of memory
formation, and acetylcholine may play a role.
Stimulation of the basal forebrain paired with tone,
for example, induces the same kind of receptive ®eld
plasticity as does behavioral learning (Bakin and
Weinberger, 1996). This is one of the clearest pieces
of evidence showing that acetylcholine release is

Fig. 3. Scheme of brain regions involved with an association between a tone CS and fear of a shock US.
Abbreviations: BLA, basolateral amygdala; COR, cortical nucleus; LA, lateral nucleus; MG, medial gen-

iculate nucleus.

Fig. 4. Hypothetical sequence of molecular events involved in encoding into long-term memory.
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able to initiate the cascade of events leading to
memory formation.
Long-term potentiation (LTP) is a putative

mechanism that may be operative during memory
formation in behaving animals. Recently, LTP has
been induced in freely behaving animals by high-fre-
quency stimulation pulsed to mimic the natural
theta rhythm (Holscher et al., 1997). A relationship
between acetylcholine, theta, and LTP has already
been established (Larson and Lynch, 1986; Huerta
and Lisman, 1993), but the degree to which acetyl-
choline participates in LTP exhibited by behaving
animals is unknown (see Jerusalinsky et al., 1997).
Acetylcholine has been shown to brie¯y enhance
NMDA-dependent LTP, and then induce a speci®c
muscarinic LTP (Segal and Auerbach, 1997). In
another report, muscarinic enhancement of NMDA
actions is shown to be long-lasting (Aramakis et al.,
1997), raising the possibility that acetylcholine may
have long-lasting e�ects on NMDA-dependent LTP
in the behaving animal.

4.2. Induction of Neurotrophins

There are data suggesting neurotrophins could act
as mediators between neuronal activity and mor-
phology. LTP in behaving rats increases BDNF,
NT-3, and associated receptors (Bramham et al.,
1996). In hippocampal tissue slice, NGF also
increases with LTP (Castren et al., 1993). However,
it is not necessary to have LTP to elevate neurotro-
phin levels; depolarization induces NGF and BDNF
gene expression (Elliott et al., 1994).
We have recently found increased hippocampal

NGF is correlated with contextual memory for-
mation (Milov et al., 1997). Thus, a physiological
role for neurotrophins in memory seems apparent.
It would appear that NGF may also be necessary
for memory acquisition: infusion of antibodies to
NGF into the insular cortex produces signi®cant
de®cits in conditioned taste aversion and avoidance
learning (Gutierrez et al., 1997). Previous studies
suggest neurotrophins mediate memory processes, as
well. NGF, BDNF and NT-3 exert actions on
cholinergic basal forebrain neurons, and infusions
of these neurotrophins improve memory perform-
ance in aged animals (Barde, 1990; Thoenen et al.,
1991; Fischer et al., 1994). Exogenously applied neu-
rotrophins may have somewhat di�erent e�ects on
ChAT in the cortex or hippocampus (Winkler and
Thal, 1995); however, neurotrophic e�ects on both
septohippocampal and nucleus basalis cells contrib-
ute to memory performance (Berger-Sweeney et al.,
1994).
Neurotrophins activate the synthesis of proteins

through the activation of inducible transcription fac-
tors (Segal and Greenberg, 1996). Many immediate-
early transcription factors seem to play a role in
learning, including those immediate genes in the
krox, jun and fos family that are activated by
muscarinic receptors (see Dragunow, 1996 for
review). Cortical regions showing alterations in mor-
phology with learning also show increases in im-
mediate-early gene expression (Wallace et al., 1995).

4.3. Changes in Cholinergic Terminals

The neurotrophins NGF, BDNF and NT-3
increase the production of cholinergic enzymes in
cholinergic cells (Friedman et al., 1993; Nonner et
al., 1996; Takei et al., 1997). These enzymes include
choline acetyltransferase (ChAT) and the vesicular
acetylcholine transporter (VAChT). Although high
a�nity choline uptake is rate limiting to acetyl-
choline synthesis, it appears that ChAT levels con-
tribute to acetylcholine release more than previously
believed (see Collier et al., 1993).
As illustrated in Fig. 5, we have shown that

ChAT mRNA is increased selectively in nucleus
basalis cells that project to auditory cortex Te2
when animals are trained to associated a tone CS
with fear produced by a shock US (Oh et al., 1996).
Neighboring cells in the nucleus basalis projecting
to cortical regions other than Te2 are una�ected.
Thus, it would appear that behavioral conditioning
initiates a mechanism capable of sustaining
enhanced release of acetylcholine.
Finally, there is evidence that associative memory

is correlated with increased acetylcholine release;
these increases occur only in select cortical regions
and only with conditioning and not with habituation
(Acquas et al., 1996). Acetylcholine release has also
been shown to increase in the hippocampus with a
spatial memory task (Fadda et al., 1996).

4.4. Elevated Muscarinic Receptor Activity

Given that ChAT mRNA levels are increased (see
Oh et al., 1996), sustained release of acetylcholine
might be expected to either up-regulate or down-
regulate muscarinic receptors. In one study evaluat-
ing muscarinic receptors after inhibitory avoidance
learning, the way in which M1 and M2 muscarinic
receptor subtypes were di�erentially a�ected in
di�erent brain regions was generally indicative of
cholinergic activation (Ortega et al., 1996). Van Der
Zee and colleagues (1994) also showed enhanced
immunohistochemistry for muscarinic receptor in
the hippocampus following training, but not after
pseudotraining on a spatial discrimination task.

4.5. Protein Kinase Activation and MAP-2
Phosphorylation

Muscarinic receptors transduce their signals by
activating their coupled G-proteins, which in turn
activate many di�erent phospholipases and protein
kinases. Many of these signaling cascades lead to
the traditional changes in ion channels; however,
these signaling cascades may also be involved with
neuronal plasticity. Protein kinases that are acti-
vated by the muscarinic G-protein complex include:
protein kinase C (PKC), Ca+2/calmodulin kinase II,
and MAP kinase (Cantrell et al., 1996; Pedarzani
and Storm, 1996; O�ermanns et al., 1993; MuÈ ller et
al., 1992; Gutkind et al., 1997); all these kinases are
known to phosphorylate MAP-2 (for review see
Johnson and Jope, 1992). Thus, muscarinic receptor
activation would be expected to enhance MAP-2
phosphorylation, at least in some cases. Muscarinic
activation may also lead to the dephosphorylation
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Fig. 5. Photomicrographs showing ChAT mRNA in animals trained with tone paired with shock (A),
tone only (B), and tone and shock unpaired. Arrowheads de®ne the ventral half of the nucleus basalis
where most cells project to auditory association cortex. Note that cells within these arrowheads are more
intensely reactive with probes for ChAT mRNA in trained animals (A) compared to controls (B and C).

Slightly modi®ed and reprinted with permission from Oh et al., 1996. Scale bar equals 1 mm.
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of MAP-2, since muscarinic actions include
enhancement of NMDA receptor activation
(Aramakis et al., 1997, Segal and Auerbach, 1997).
Quinlan and Halpain (1996) have shown that, fol-
lowing a brief non-NMDA mediated phosphoryl-
ation, MAP-2 is dephosphorylated through NMDA
receptor activation.
The role that phosphorylation and dephosphory-

lation of MAP-2 may play in memory encoding is
unclear. Fukunaga and collaborators (1996) suggest
that phosphorylation of MAP-2 by Ca+2/calmodu-
lin kinase II is part of the LTP response. An alter-
nate (or additional) possibility is that changes in the
phosphorylation state of MAP-2 regulate dendritic
plasticity. Phosphorylation of MAP-2 decreases its
co-assembly with microtubules (Diez-Guerra and
Avila, 1995; Ainsztein and Purich, 1994; Hoshi et
al., 1992; Stofko-Hahn et al., 1992). Thus, phos-
phorylation of MAP-2 may reduce cytoskeletal stab-
ility, thereby favoring dendritic plasticity.
Di�erent isoforms of MAP-2 may be more or less

susceptible to phosphorylation and dephosphoryla-
tion during memory consolidation. MAP-2 consists
of a pair of high molecular mass (280 kD) proteins
(isoforms a and b), and a low molecular mass (70
kD) polypeptide (isoform c). We have recent evidence
compatible with the notion that the low molecular
weight MAP-2c may be dephosphorylated following
contextual memory training (Woolf et al., 1996).

4.6. Increased Intracellular Ca2+ and Protease-
Mediated Breakdown of MAP-2

Muscarinic receptor activation increases intra-
cellular Ca2+ through G-protein stimulation of
phospholipase C that activates inositol-P3 inducing
Ca2+ release from internal stores (see Siegel et al.,
1994). This action may persist at elevated levels
during memory formation. Auerbach and Segal
(1994) describe a kind of muscarinic LTP that
involves increased Ca2+ release from internal stores
sequestered in the postsynaptic cell. Muscarinic
enhancement of NMDA actions may also lead to
increased Ca2+ in¯ux into the postsynaptic cell
(Jerusalinsky et al., 1997).
In the cell, Ca2+ activates a number of Ca2+ regu-

lated proteins, some of which are a�liated with plas-
ticity and growth. Neurite growth appears to be
mediated by speci®c Ca2+ channels and Ca2+

released from intracellular stores (Stewart et al.,
1995). Of particular relevance to neuronal plasticity
and memory, however, is the Ca2+ activated pro-
tease, calpain (see Lynch and Baudry, 1984).
Calpain degrades the cytoskeletal proteins a�liated
with the postsynaptic density; it is especially e�ective
on MAP-2 (Johnson et al., 1991). Ca2+ can be
sequestered in dendrite segments or in individual
spines (MuÈ ller and Connor, 1991), suggesting is may
participate in the remodeling of spines or whole den-
drite segments.
MAP-2 is also present in spines (Morales and

Fifkova, 1989), and its degradation could lead to
changes in spine morphology. Changes in spine
morphology, however, may be too labile to account
for permanent memory encoding. Papa and Segal
(1996) found dendritic spines were markedly

increased by GABA antagonism; this increase was
furthermore dependent on Ca2+ and new protein
synthesis. Accordingly, they suggest spine changes
are not permanent enough to account for long-term
memory. The permanence of spine alterations is
debatable; nonetheless, changes in dendrite length
and de novo synthesis of dendritic branches are
likely to be permanent.

MAP-2 mediation of de novo dendrite branching
is likely to occur when MAP-2 is degraded. MAP-2
is normally present in excess amounts in the den-
drite, and this prevents new side-branches (Matus et
al., 1986). We found MAP-2 degradation occurred
in both the cerebral cortex and hippocampus during
memory formation (Woolf et al., 1994; Woolf et al.,
1996). Accumulated MAP-2 degradation products
were shown by enhanced immunohistochemical
reaction with antibodies to MAP-2, and this enabled
us to identify cells putatively undergoing dendritic
restructuring. Many of these cells were the large pyr-
amidal cells with heavily stained apical dendrites.
One might predict that the breakdown of MAP-2
allows new side-branches to form, and that this pro-
cess would involve new protein synthesis. De novo
synthesis of MAP-2 occurring in the dendrite is
possible: mRNA for MAP-2 is localized within the
dendrite (Kleiman et al., 1994). Moreover, cholin-
ergic a�erents may trigger synthesis, since protein
synthesis increases in hippocampus following com-
bined muscarinic and NMDA receptor stimulation
(Feig and Lipton, 1993).

4.7. Altered Dendritic Structure and Companion
Axonal Change

According to the present hypothetical model, a
repository for long-term memory storage is found in
the dendritic arbors of cholinoceptive cells of the
cerebral cortex, hippocampus, and amygdala. In
particular, the dendrites of the large pyramidal cells
are implicated as sites of de novo branching resulting
from the degradation of MAP-2. The feasibility of
this hypothesis is supported by our post-mortem
analyses of MAP-2 in animals trained on two mem-
ory tasks (Woolf et al., 1994, 1996). Critical veri®ca-
tion of altered dendritic branching in these
cholinoceptive neurons is not provided by our stu-
dies; however, other studies have demonstrated den-
dritic change in neurochemically unspeci®ed cells,
along with increased acetylcholinesterase (for review
see Rosenzweig and Bennett, 1996; further discus-
sion in Section 5.1).
At the same time that new dendrites are formed,

companion reorganization of cholinergic terminals
is postulated. This is highly feasible due to the high
degree of plasticity demonstrated by cholinergic
terminals. Following axotomy, cholinergic axons
reestablish normal innervation patterns in the cer-
ebral cortex (Farris et al., 1993), and NGF modu-
lates the reestablishment of cholinergic ®bers and
behavioral function recovery (Farris et al., 1995;
Tuszynski and Gage, 1995). NGF also increases the
number of varicosities, or possible release sites,
along the cholinergic axon (Garofalo et al., 1993;
Farris et al., 1995). From these results we might
speculate that cholinergic axons and their varicos-
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ities rearrange in the appropriate cortical region
during memory formation under the guidance of
neurotrophins, such as NGF. Alterations in these
a�erent terminals would a�ect how much acetyl-
choline is released and where, of conceivable import-
ance in sensory processing and memory retrieval.
Like spine alterations, these axonal alterations are
likely to be less permanent than the formation of
new dendrite branches.

5. PREDICTIONS BASED ON THE
HYPOTHESIS

A prediction of this hypothesis is that an associ-
able representation is a permanent long-term mem-
oryÐde®ned here as an organized idea that
occupies about half a second and is encoded by a
set of new dendritic branches. Since terminal
branches are added last, new ideas would be rep-
resented in the terminal branches. Accordingly, the
``idea'' of a simple sensory parameter (i.e., a line of
a particular orientation) would be encoded by a set
of distalmost dendrites in primary sensory cortex,
the idea of a shape composed of particularly
oriented segments would be encoded by distalmost
dendrites in secondary and tertiary cortices, and the
most abstract ideas, such as objects and categories,
would be encoded by sets of distalmost dendrites in
association cortices (see Fig. 6).

Another prediction of this hypothesis is that the
ability to retrieve permanently stored memories is
mediated altogether di�erently. Cholinergic acti-
vation of the cerebral cortex and hippocampus is
one possible means of stimulating these permanently
stored memories. Monoaminergic neurotransmitters
might accomplish the same (see Introduction). It is
furthermore predicted that not only activation per
se, but the sequence in which long-term memories
are activated would be mediated by these cholinergic
and monoaminergic a�erent systems.

5.1. The Structure of Information Storage

The now classic studies of Rosenzweig, Bennett,
Diamond, Greenough, and others were ®rst to show

that enriched environments and learning experiences
alter cortical dendrites. Brains from animals raised
in enriched environments had increased cortical
weight, elevated acetylcholinesterase activity, more
dendritic spines, and greater dendritic lateral width
as compared to animals raised in impoverished en-
vironments (Bennett et al., 1969; Rosenzweig et al.,
1972; Globus et al., 1973). Since acetylcholinesterase
is found in both cholinergic a�erent axons and cho-
linoceptive cells, participation of either or both may
be implicated. Greenough and collaborators (1979)
more thoroughly explored the possibility of dendri-
tic change and found dendrites of pyramidal cells in
the occipital cortex were altered following massed
trials of maze training. These dendritic alterations
were speci®c: only distalmost dendritic branches
were found to be consistently increased in number
and these changes were highly signi®cant.
In studies of the human brain there are also clear

indications that memory, experience, and intellectual
capacity are correlated with parameters of the distal-
most dendritic branches. Coleman and Flood (1986)
showed that terminal and next-to-terminal segments,
which account for i90% of the dendritic tree, are
most vulnerable to aging-related changes. These seg-
ments increase steadily with age, presumably in ac-
cordance with increased experience due to age, and
then decline signi®cantly with senile dementia. More
proximal dendrites do not show these changes.
Thus, we see a correspondence between experience
and intellectual capacity selectively in these distal-
most dendrites. This relationship is demonstrated in
other studies. In a series of papers from the Scheibel
laboratory, distal dendrites prove to be a sensitive
marker of higher cognitive function. Distal dendrite
segments were longer than proximal segments in as-
sociation cortices related to speech as compared to
the relationships found in motor cortex, and dendri-
tic parameters were increased in the left hemisphere
as compared to the right (Jacobs et al., 1993a,b).
Moreover, educational level corresponded with den-
dritic length of 3rd and 4th order dendrites (Jacobs
et al., 1993b). In contrast to Coleman and Flood
(1986), Jacobs and Scheibel (1993) found decreasing
dendritic parameters in the parahippocampal gyrus
with age. Di�erent brain regions were evaluated in

Fig. 6. Proposed storage sites for information of varying complexities in distal dendrites of pyramidal
cells of di�erent cortical areas.
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the two studies that might account for the di�erent
outcomes, however.
The current notion of an associable representation

has many features in common with a moment of
consciousness (see Woolf, 1997). In this regard, the
quantum coherence theory of microtubules may be
relevant. Hamero� and Penrose (1995) have hypoth-
esized that the collapse of a coherent resonance
involving 1% of the tubulin molecules in assemblies
of 10 000 neurons could account for a conscious
thought lasting one half second. Coherence of
microtubules is unlike anything previously described
in neurobiology. It involves a high frequency reson-
ance among the water molecules associated with
tubulin dimers of microtubules. This resonance
induces a state of self-induced transparency within
the inner core of the microtubular lattice, enabling a
high energy form to radiate down the microtubule
like a laser (Jibu et al., 1994).

Cholinergic a�erents might trigger microtubular
coherence and self-collapse via muscarinic a�ects on
MAP-2 phosphorylation (Woolf, 1997). This is poss-
ible, because the position of MAP-2 binding sites to
microtubules a�ects the timing of coherence and
self-collapse (see Hamero� and Penrose, 1995) and
phosphorylation of MAP-2 decreases binding with
microtubules (Hoshi et al., 1992; Stofko-Hahn et al.,

1992; Ainsztein and Purich, 1994; Diez-Guerra and
Avila, 1995). Accordingly, brief changes in MAP-2
binding to microtubules located near muscarinic
synapses would be expected to a�ect microtubular
coherence and self-collapse.
Microtubular coherence among sets of distalmost

dendrites is a plausible mechanism for markedly dis-
tinguishing an associable representation against a
background of noisy brain activityÐan activation
that is far more precise than mere stimulation by a
neurotransmitter. A possible underlying physical
substrate for determining the collective of dendrite
segments that will engage in this process at any one
time might be related to the infrastructure of the
microtubules in those dendrite segments. Coherence
might be expected to occur in sets of dendrite seg-
ments sharing a similar microtubular infrastructure,
for example, the same speci®c spacing intervals
between MAP-2 binding sites to microtubules
(Woolf, 1997). The chemical cascades described in
the present paper would be capable of simul-
taneously constructing dendrite segments in multiple
cholinoceptive cells, and it is conceivable that den-
drites made at the same time may have similar infra-
structures.
As shown in Fig. 7A, a set of similarly structured

distalmost dendrites originating from cholinoceptive

Fig. 7. Hypothetical scheme for an associable representation stored in select distal dendrites (thick lines)
of multiple cholinoceptive cells distributed throughout one module (A) with the possible participation of

simultaneous activation of distal dendrites in additional modules (B and C).
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cells dispersed throughout a module of association
cortex could encode a higher-order associable rep-
resentation. Subordinate components of the associ-
able representation might be stored in other
modules (see Fig. 7B and C). Just as sets of den-
drites within a module might be formed with similar
infrastructures, dendrites across modules might be
formed that share a common infrastructure. In these
instances, we might expect structural correspon-
dences to exist between the more proximal dendrites
of association areas and the more distal dendrites of
primary and secondary cortices (see Fig. 6), because
dendrites in primary sensory cortex ®nish developing
much earlier than do dendrites in higher association
cortex (Garey, 1984 cf. Mrzljak et al., 1990). During
memory retrieval, the entire ensemble might be co-
activated momentarily both by neurobiological pro-
cesses such as acetylcholine release and by other
phenomena such as microtubular coherence.
Another prediction derived from the present

hypothetical model is that the brain encodes basic
sensory parameters in a similar manner to how it
encodes complex ideas. Orientation speci®city might
be encoded as an associable representation through
cholinergic modulation of dendrite structure in mod-
ules of primary visual cortex. In particular, the later-
ally ramifying basilar dendrites of pyramidal cells
are likely participants. For one, there are indications
that laterally projecting dendrites containing MAP-2
are involved with visual plasticity (Reid and Daw,
1995). Also, a speci®c transcription factor, Zif268 is
found in pyramidal cells that contain MAP-2 and
this transcriptional factor is altered by activity in
the visual pathway (Chaudhuri et al., 1995).
Modules of visual cortex contain orientation-

speci®c pinwheels that radiate from a central zone
that displays no orientation speci®city (see Bartfeld
and Grinvald, 1992). This arrangement is compati-
ble with the present model, particularly if we focus
our attention on the largest pyramidal cells. The
Meynert cells are conceivably the largest pyramidal
cells in primary visual cortex and these cells possess
basilar dendrites that generally extend 0.2 mm in the
lateral direction, but can occasionally extend as
much as 0.6 mm (Win®eld et al., 1983). The reason
orientation speci®city may be dictated by the direc-
tion of these large dendrites is that within that radial
sector more tubulin molecules would be oriented in
that direction than in any other. Both Meynert cells
and pinwheel centers lie outside cytochrome oxi-
dase-rich blobs (Payne and Peters, 1989; Bartfeld
and Grinvald, 1992), indicating they may overlap.
Smaller pyramidal cells and their dendrites lie both
inside and outside cytochrome oxidase patches
(Hubener and Bolz, 1992; Malach, 1992), suggesting
that they are less likely to contribute to the pinwheel
architecture.
The basilar dendrite arbors of Meynert cells are

not symmetric as one might expect; their shapes are
elliptical with the long axis oriented in parallel with
the horizontal meridian and the ocular dominance
bands (Win®eld et al., 1983). Is it conceivable that
this shape is related to orientation speci®city? It
seems that some dendrites may grow in a speci®c
direction due to orientation speci®c responses. In
dark-reared kittens exposed only to vertical lines,

dendrites of pyramidal cells, but not those of sellate
cells, preferentially grew in the direction orthogonal
to the representation of the vertical meridian; selec-
tive exposure to horizontal stimuli produced den-
drites that follow a direction parallel with the
representation of the vertical meridian (Tieman and
Hirsch, 1982). Also, the ®rst cholinergic axons to
develop in dark-reared kittens only exposed to either
vertical or horizontal lines lie orthogonal or parallel,
respectively, to the representation of the vertical
meridian (Woolf, 1992). Thus, for certain cells in the
visual cortex, it appears that exposure to orientation
speci®c stimuli a�ects the morphology of dendrites;
also, the cholinergic axons in the visual cortex
respond to speci®cally oriented stimuli.
A number of ®ndings generated in the 1980s sup-

port the general notion that both MAP-2 and
acetylcholine mediate plasticity in the visual cortex.
Aoki and Siekevitz (1985) showed that phosphoryl-
ation of MAP-2 is essential for visual plasticity:
samples of visual cortex from dark-reared kittens
underwent a high degree of phosphorylation in vitro,
due to the fact that the protein was not fully phos-
phorylated in vivo. Bear and Singer (1986) showed
cholinergic and noradrenergic a�erents to the visual
cortex were essential for visual plasticity: changes in
response that usually occur after monocular occlu-
sion were inhibited by combined destruction of
cholinergic and noradrenergic inputs. More recently,
it has been shown that this plasticity depends on M1
muscarinic receptors (Gu and Singer, 1993).
The postulated cholinergic mediation of microtub-

ular coherence in dendrites of visual cortex account-
ing for orientation-speci®c responses o�ers a new
perspective that might prompt novel lines of investi-
gation. For example, one might want to compare
the pinwheel architecture with the topography of the
Meynert cell dendrites.
The proposed general structure for long-term

memory encoding may also be of heuristic value. For
example, it enables some predictions about memory
capacity and aging-related disorders of memory.

5.2. Memory Capacity: In®nite or Finite?

The current model is su�ciently detailed to make
predictions about memory capacity. Long-term
memory capacity would be limited by the number of
distal dendrites of individual pyramidal multiplied
by the number of modules in the cerebral cortex and
hippocampus. Distal dendrite counts made in seri-
ally reconstructed neurons of hippocampus indicate
each pyramidal cell has approximately 80 terminal
dendrites (Ishizuka et al., 1995). Mountcastle (1978)
estimates that there are approximately 600 000 mod-
ules in the cerebral cortexÐnot including limbic sys-
tem modules. This gives us a conservative estimate
of a capacity able to hold approximately 50 million
individual associable representations stored in long-
term memoryÐeach encoded by ensembles of distal
dendrites emanating from approximately 5000±
15 000 large pyramidal cholinoceptive cells orga-
nized within one to three restricted modules of cer-
ebral cortex or hippocampus.
Are 50 million associable representations stored in

long-term memory a reasonable estimate? A 100-
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year lifetime consists of 3 billion seconds or 6 billion
half second slots available within which to store a
new associable representation in long-term memory.
Thus, this capacity would not be reached in a 100-
year lifetime, even if one formed new memories at a
rate of one per minute. This is consistent with
reports that, in the absence of neurobiological dis-
ease, the accumulation of knowledge which is also
referred to as crystallized intelligence, increases with
age (Horn and Noll, 1997).
Theoretically, retrieval of items from long-term

memory should be limitless. Cholinergic and mono-
aminergic systems should be able to retrieve infor-
mation countless times and in countless
combinations. This is what would be predicted if
there were no biological changes in the neurons.
Unfortunately, there are cellular changes that target
both cholinergic and cholinoceptive neurons, and
thus, there are declines in cognitive abilities due to
aging, as well as more dramatic deterioration due to
aging-related disorders such as Alzheimer's disease.
We will discuss these issues next.

5.3. Memory Storage and Aging

What does a long-term memory capacity that is
theoretically so large tell us about normal aging or
Alzheimer's disease? It might cause us to question
why intellectual ability deteriorates with Alzheimer's
disease, sometimes even in the early stages (see
Newman et al., 1994). Since there seem to be enough
dendrites on cholinoceptive neurons to store many,
many associable representations in long term-mem-
ory, the problem may be that the same brain
regions are used over and over again for memory
storage. The frontal cortex, for example, is a
region containing higher-order association areas.
Neuropathological entitiesÐsenile plaques and neu-
ro®brillary tanglesÐwere occasionally found in the
superior frontal cortex of persons aged 96±102 years
regardless of whether or not they showed signs of
dementia (Giannakopoulos et al., 1993). What did
distinguish the brains of these very old persons were
dense concentrations of neuro®brillary tangles in the
hippocampusÐespecially in CA1Ðfound only in
those with Alzheimer's dementia (Giannakopoulos
et al., 1993). A relative lack of neuro®brillary
tangles in most brain regions of those approximately
100 years of age without dementia is quite remark-
able and supports the estimate made in this paper
that dendritic memory capacity is very large.
Centenarians, however, are unusual in their lack

of hippocampal and cortical deterioration. In two
studies sampling a large population of subjects, the
density of neuro®brillary tangles in entorhinal cor-
tex and CA1 of hippocampus increased with age for
both demented and non-demented subjects, even
though the pathology was much greater in the
demented subjects (Bouras et al., 1994;
Giannakopoulos et al., 1994). Senile plaques were
found in both demented and non-demented groups;
nonetheless, neuro®brillary tangles were present in
frontal and occipital cortex only in demented sub-
jects (Bouras et al., 1994; Giannakopoulos et al.,
1994). We can make a few conclusions from these
results. Although the cortical system is capable of a

lifetime of use without deterioration as evidenced by
the paucity of neuropathology in many centenar-
ians, most individuals experience cortical deterio-
ration, especially in hippocampus, with normal
aging and severe deterioration if a�icted with
Alzheimer's disease. In addition to neuro®brillary
tangles, degenerative damage occurs selectively in
distal dendrites of hippocampal pyramidal cells
(Braak and Braak, 1997), the site proposed for new
memory storage.
Most cells developing neuro®brillary tangles

appear to be cholinoceptive. Morrison and col-
leagues (1987) showed cortical neurons that develop
neuro®brillary tangles are immunoreactive to anti-
bodies against non-phosphorylated neuro®lament.
Neurons demonstrated to be cholinoceptive on the
basis of acetylcholinesterase activity are also im-
munoreactive to antibodies against non-phosphory-
lated neuro®lament; however, acetylcholinesterase
containing cells in the underlying white matter are
not (Mesulam and Geula, 1991). Comparisons
restricted to the gray matter show that 84% of neuro-
®lament-rich cells (and 80% of MAP-2 cells) are im-
munoreactive to antibodies against muscarinic
receptor (Woolf, 1993). Even though cholinoceptive
cells would appear to be vulnerable to neuro®brillary
tangle formation, there is no obligatory relation-
shipÐneurons do not develop tangles merely because
they are cholinoceptive (Mesulam et al., 1994).
A prediction based on the current proposal is that

neuro®brillary tangles form in cholinoceptive neur-
ons that have participated in repeated and extensive
restructuring due to encoding associable represen-
tations in long-term memory (also see Woolf and
Butcher, 1990). CA1 of hippocampus, which devel-
ops dense accumulations of neuro®brillary tangles
in Alzheimer's disease, is an area of the brain that
appears to be involved in many types of memory
(Rotenberg et al., 1996; Ishikawa et al., 1997; Ridley
and Baker, 1997). In our memory experiments with
rodents, MAP-2 degradation related to contextual
memory occurred in CA1 of hippocampus 2 weeks
after training. It is conceivable that enhanced acetyl-
choline release and cholinergic axon reorganization
ongoing during the 2-week period following train-
ing, contributes to hippocampal cell vulnerability.

Since cholinergic a�erent axons must ``search
out'' by means of guided axonal growth suitable
dendritic segments for memory encoding, it follows
that as more and more dendritic segments become
dedicated to other associable representations stored
in long-term memory, intensi®ed axonal growth
may damage the parent cholinergic cell and also
interfere with the functioning of other cholinergic
neurons. Arendt and colleagues (1994) have studied
changes in cholinergic neurons in Alzheimer's dis-
ease and have determined that these basal forebrain
neurons are vulnerable to neuropathology and cell
death because of their pluripotence and potential for
plasticity. That cholinergic cell death could be due
to intensi®ed axonal growth is consistent with
cholinergic cell loss being most severe in regions of
the basal forebrain that project to cortical regions
containing the most neuropathology (see Arendt et
al., 1985). In addition to cell death of basal fore-
brain neurons, neuropathology also develops in the
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basal forebrain with Alzheimer's disease.
Neuropathology in the basal forebrain seems to be
highly correlated with scores on tests for memory
ability, whereas loss of cortical synapses was
strongly correlated with scores on tests for cognitive
ability (Samuel et al., 1994). Neuropathology in the
cholinergic basal forebrain precedes cortical volume
loss and cholinergic cell loss, suggesting that
changes to cholinergic neurons are a primary event
(Cullen et al., 1997).
It remains a mystery why cholinergic therapy is

not more e�ective in ameliorating memory problems
in Alzheimer's disease problems (see Decker, 1995;
Gualtieri et al., 1995); however, cholinergic therapy
might be more e�ective if memory encoding and
retrieval could be selectively enhanced, without sti-
mulating axon and dendrite reorganization in
severely damaged areas. Inhibitors of neuronal
growth used in combination with cholinergic ago-
nists has been suggested (Woolf and Butcher, 1990).
Another viable approach might be to stimulate
cholinergic function in the neocortex to take over
mnemonic function from the severely impaired hip-
pocampus. This could work, if, as suggested, the
hippocampal sectors are to a large extent function-
ally equivalent to modules of association neocortex.
There is indication that the neocortex can mediate

learning acquisition in the absence of the hippo-
campus, provided that the entire limbic circuitry is
completely removed. Much to the surprise of the in-
vestigators of these studies, mnemonic function was
unimpaired with lesions of the entire limbic sys-
temÐwhich included the hippocampus and sep-
tumÐin marked contrast to learning impairments
resulting when the hippocampus or other individual
limbic structures were damaged singly or in pairs
(Irle, 1985; Irle and Markowitsch, 1990).
Obviously, damaged circuitry cannot be removed

from Alzheimer's disease patients, but perhaps this
paradigm might be duplicated pharmacologically:
either through muscarinic agonists that are region-
ally selectively for the neocortex or muscarinic an-
tagonists that are regionally selective for the
hippocampus and limbic system. The latter sugges-
tion, using cholinergic antagonism to increase func-
tions mediated by cortical acetylcholine seems
counterintuitive on the surface. However, cholin-
ergic antagonism in one part of the brain may
indeed increase cholinergic functional capacity in
another part of the brain, since attention to one task
mediated by acetylcholine is constrained by atten-
tion to other competing tasks (see Callaway et al.,
1992).
Regionally selective pharmacological agents, to

the extent that they are possible to make, might be
used alone or in combination with inhibitors of oxi-
dative damage and unproductive neural growth. The
aim being to preserve memory ability, as well as to
decrease the progression of neuropathological de-
generation.

6. CONCLUSIONS

A model has been presented for dendrite reorgani-
zation in cholinoceptive cells of the telencephalon as

the basis for long-term memory storage. A precise
molecular sequence was proposed. Implications that
the model has for memory capacity and memory
disorders were also discussed. Perhaps the best test
of the model would be high-resolution imaging of
microtubule coherence or some related phenom-
enon, if and when such imaging techniques become
available. Other approaches might be applied more
readily. The molecular sequence proposed in long-
term memory storage might be tested with protein
inhibitors, genetic knock-out mice, or gene knock-
down experiments. The hope is that rather than
looking to a single molecule an emphasis on
sequences of events becomes more prevalent in
research concerning the neurobiology of memory.
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