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3.15.1 Introduction potential to function in a neuromodulatory capacity.

The basal forebrain is an aggregate of heterogeneous
structures coursing along the ventral rostrocaudal
extent of the brain. The anatomical connectivity of
this collective allows it access to virtually the entire
cortical mantle and to other subcortical structures
thought to be essential to learning and memory.
Often characterized by its large cholinergic projec-
tion neurons, the basal forebrain is home to a host of
cell types and is regulated by a rich neurochemical
background. The link between the basal forebrain
and memory is frequently based on the decline
of this structure in Alzheimer’s disease. Yet, as in
the medial temporal lobe system, there exists a
characteristic amnestic syndrome associated with
widespread damage to the basal forebrain. Animal
models have been extensively used in an attempt to
determine the role of this collective or of its subdivi-
sions in memory and in other cognitive and
behavioral functions. Further, the electrophysiologi-
cal and rhythmic properties of the subdivisions of the
basal forebrain are

indicative of its extensive

Whereas analyses of the differential contribution of
anatomical subdivisions of the basal forebrain to
memory have been fruitful, further understanding
of the organizational principles and functional prop-
erties of this region is likely to reveal additional clues
to its role in memory and cognition.

3.15.2 Basal Forebrain Amnesia

A diversity of amnestic syndromes has been observed
following insults to numerous loci in the neural sys-
tem. As a result, a variety of neural circuits have been
heavily implicated in underlying different aspects of
memory, mostly indicated by the form of amnesia
following disruption of the circuit. The circuits to
which damage is traditionally observed to result in
an amnestic syndrome are those including the
prefrontal cortex, the cingulate cortices, the hippo-
campus, the rhinal cortices, multimodal cortical
regions, and diencephalic regions (see Tranel et al,
2002; Milner, 2005; Frankland and Bontempi, 2006, for
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review). Subregions of the basal forebrain share pro-
jections with each of these regions and are known for
their neuromodulatory influence on these sites. Thus,
not surprisingly, discrete lesions of the basal forebrain
have also been observed to resultin a profound amnes-
tic syndrome. This basal forebrain amnestic syndrome
shares many common features of the various forms of
amnesia induced by damage to its projection sites.

Still, the manifestation of basal forebrain amnesia is
dissociable from other amnestic syndromes based on a
few hallmark features. In patients with basal forebrain
lesions, severe anterograde amnesia for episodic mem-
ory is described as roughly equivalent to that of medial
temporal and diencephalic patients. Yet, in basal fore-
brain amnesics, recognition of those episodic memories
remains intact, demonstrating preserved function rela-
tve to medial temporal patients (Wais et al, 2006).
This is illustrated by a case study, of patient JS, in
which discrete damage to the basal forebrain resulted
in a form of profound amnesia (Osimani et al., 2006). JS
demonstrated severe anterograde amnesia, including
diminished new learning and rapid forgetting, with
relatively preserved recognition of episodic informa-
tion. Also observed was temporally graded retrograde
amnesia for episodic memory spanning several years
in the face of preserved semantic and procedural
memory. The general form of the amnestic syndrome
described for patient JS thus overlaps with that of
hippocampal and diencephalic amnesiacs who show
impaired capacity for new declarative memory but
preserved semantic and procedural memory. While
each form of amnesia includes temporally graded
retrograde amnesia, the temporal span of the retro-
grade amnesia in patient |S appears intermediate to
that of medial temporal amnesiacs and diencephalic
amnesiacs.

A further distinction between basal forebrain
amnesiacs and medial temporal amnesiacs is a dis-
proportionate deficit in their ability to determine the
temporal distribution of episodic memories relative
to their memories for those events. A study examin-
ing memory for episodes in contrast to memory for
episodic timelines concluded that basal forebrain—
damaged patients possess an equivalent deficit to
medial temporal patients in knowing ‘what’ or
retrieving information from autobiographical mem-
ories, but they have a disproportionate deficit in
knowing ‘when’ or appropriate chronological place-
ment of autobiographical memories (Tranel and
Jones, 2006). Temporal knowledge is also dispropor-
tionately impaired in amnesiacs with retrosplenial
or posterior cingulate damage who demonstrate

profound impairments in the ability to remember
the temporal order of recent events yet show spared
order memory of remote events (Valenstein et al.,
1987, Bowers et al, 1988). Thus, basal forebrain
amnesiacs share the temporal disorientation of those
enduring damage to cingulate cortices.

The most common source of basal forebrain
damage is rupture and repair of aneurysms of the
anterior communicating, the anterior cerebral, or the
pericallosal artery (Myers et al,, 2002). A comparison
of subjects with basal forebrain damage resulting from
anterior communicating artery aneurysms with those
with hippocampal/medial temporal damage resulting
from hypoxia demonstrated a double dissociation
between medial temporal amnesics and basal forebrain
amnesics in the ability to perform and reverse a con-
ditional discrimination. The discrimination was a
simple conditioning task in which subjects learned to
associate a correct directional response (right or left)
with a particular background color (light or dark).
Hippocampal amnesiacs learned this conditional
discrimination far better than did basal forebrain
amnesiacs. When subjects were required to reverse
the associations (direction to background color) in
order to achieve a correct response, basal forebrain
amnesiacs were able to reverse the contingencies,
whereas hippocampal amnesiacs were rigid in their
inability to perform such reversals (Myers et al,
2005). Thus, some of the most visible dissociations
between medial temporal lobe amnesiacs and basal
forebrain amnesiacs emerge in nondeclarative mem-
ory tasks (Myers et al,, 2002).

The results put forth in this section reveal that
there is a distinct amnestic syndrome that arises from
damage to the basal forebrain. However, basal fore-
brain amnesia generally shares features of amnestic
phenomena involved in damage to many other cor-
tical and subcortical brain regions. This is most likely
due to the vast anatomical connectivity in which the
basal forebrain participates. The widespread influ-
ence of the basal forebrain on other regions
involved in mnemonic processing suggests an inte-
grated role of the basal forebrain and its associated
structures in the determination of distinct memory
dysfunction.

3.15.3 The Basal Forebrain
and Alzheimer’s Disease

The primary source of a role for the basal forebrain in
memory is derived from years of research on
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Alzheimer’s disease (AD) (Perry et al., 1978; Bartus
et al, 1982; Wenk, 1997; Francis, 2005). The cogni-
tive signature of AD is progressive memory decline,
whereas a striking neuroanatomical marker of AD is
degeneration of the magnocellular cholinergic neu-
rons in the basal forebrain (Wu et al, 2005; Wenk,
20006). In general, the observed deficits in AD parallel
those of basal forebrain amnesia. There exists a def-
icit in explicit memory, a partial deficit for implicit
memory, and preserved procedural memory (for
review see Carlesimo and Oscar-Berman, 1992). An
additional common feature is the recent finding of
relatively preserved familiarity-based recognition
memory in AD patients and intact familiarity-based
recognition memory in patients with mild cognitive
impairment (MCI) (Westerberg et al., 20006).
Pathology of the cholinergic basal forebrain is
likely to occur in early stages of AD (Bowen et al,
1982), as is hypofunction of particular cortical target
regions, including the posterior cingulate and ento-
rhinal cortices (Huang et al,, 2002; deT'oledo-Morrell
et al., 2004; Pennanen et al, 2004; Borroni et al,
2006). Concomitant with posterior cingulate hypo-
function in patients with MCI and in those with AD
is a temporal disorientation that is manifested by
temporal order or sequential processing problems
(Hirono et al.,, 1998; deToledo-Morrell et al.,, 2001;
Nestor et al,, 2003). Entorhinal cortex hypofunction
correlates with MCI, whereas the addition of further
hippocampal dysfunction best correlates with a pro-
gression to AD (Pennanen et al., 2004). A postmortem
study of individuals with AD and those with MCI
demonstrates a reduction in (both groups) of P75
neurotrophin receptor (N'TR) binding in the basal
forebrain, indicating a reduced functional presence of
the basal forebrain cholinergic neurons that bear this
receptor in the brains of these individuals. This
reduction is of particular interest, as the number of
P75 (NTR) immunoreactive neurons in the basal
forebrain is significantly correlated with tests of
working memory and attention (Mufson et al,
2002). Thus, early indicators of memory decline
include the basal forebrain and its projection sites. A
recent clinical effort is aimed toward preserving the
basal forebrain in an attempt to arrest the cognitive
decline associated with AD. This effort involved the
implantation of autologous fibroblasts genetically
modified to express NGF directly into the basal
forebrain of patients with early AD. The results are
promising, as implanted patients show widespread
increases in brain metabolism and markedly slower
rates of cognitive decline (Tuszynski et al., 2005).

Despite the preponderance of research aimed at the
cholinergic system, other transmitter systems demon-
strate altered function in AD and may shed light on the
role of the basal forebrain and its constituent circuits in
memory (Gsell et al, 2004). For example, successful
therapeutic efforts are currently being targeted at ex-
citatory amino acid neurotransmission (for review see
Wenk, 2006; also see Francis, 2005). Capitalizing on
more recent anatomical findings that GABAergic neu-
rons in the basal forebrain follow similar trajectories as
cholinergic neurons may also provide an opportunity
for delineating the status of GABAergic neurons in the
basal forebrain of AD patients and their role in memory
(McKinney and Jacksonville, 2005).

3.15.4 Basal Forebrain Anatomy

The basal forebrain is a group of heterogeneous
clusters whose anatomical complexity and organiza-
tion are constantly unraveling as new techniques are
developed and applied to its study (for review see
Zaborszky, 2002; also see Zahm et al, 2006). The
basal forebrain is parsed into groups of functional
anatomical subdivisions based on projection patterns,
cell types, and transmitter content (for review see
Alheid and Heimer, 1988). Historically, the striking
loss of cholinergic function in AD led to extensive
study of the basal forebrain cholinergic system and its
role in memory. Thus, a large number of the ana-
tomical subdivisions of this system are based on the
distribution of cholinergic projection neurons. More
recent investigations indicate that GABAergic and
perhaps glutamatergic projection neurons also com-
prise this structure (Jones and Miihlethaler, 1999;
Zaborszky et al., 1999).

The basal forebrain neurons are generally orga-
nized along a rostrocaudal axis, such that cholinergic
nuclei are somewhat contiguous in nature (Semba
et al, 1988; Zaborszky et al, 2005; see Figure 1).
The majority of behavioral and anatomical studies
subdivide the basal forebrain into primary subdivi-
sions based on their differental projection systems.
The differential projection patterns show a large
degree of conservation from primate to rodent and
have, thus, been heavily examined across multiple
species.

The human basal forebrain has been subdi-
vided and mapped according to the magnocellular
projection neurons that reside as groups within
the aggregate. The designation of subdivisions is
based on cholinergic projection neurons, and the
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Figure 1 Scatter plots of both cholinergic (red) and parvalbumin (green) cells superimposed on the iso-relational surface
(gradient of density changes) shows the relative cell density of the two neuronal types. From Zaborszky L (2002) The modular
organization of brain systems. Basal forebrain: the last frontier. Prog. Brain Res. 136: 359-372.

subdivisions are referred to as Ch1-4 (for reviews see
Mesulam et al., 2004; also see Zaborszky et al., 1999).
These Ch subdivisions correspond to designated
anatomical subdivisions in the rodent and primate.
The Chl and Ch2 regions in the human correspond
to the medial septum and ventral diagonal band
complex (MS/VDB). The Ch3 region corresponds
to the horizontal limb of the diagonal band of Broca
(HDB), and the Ch4 region corresponds to the
nucleus basalis of Meynert (nBM). Ch4 can be sub-
divided into six spatally distinct regions: Ch4am
(anteromedial), Ch4ai (anterointermediate), Ch4id
(intermediodorsal), Ch4al (anterolateral), Ch4iv (inter-
medioventral), and Ch4p (posterior). The Chl and
Ch2 (MS/VDB) neurons provide the primary cho-
linergic input to the hippocampus. The Ch3 (HDB)
neurons provide primary input to the olfactory bulb.
The Ch4am provides the primary cholinergic input
to medial cortical areas including the cingulate gyrus,
whereas the Ch4al provides the primary input to
frontoparietal, opercular areas, and the amygdala.
Ch4i provides projections to lateral, frontal, posterior
parietal, peristriate, inferotemporal, parahippocam-
pal, and orbitoinsular regions, whereas Ch4p

provides input to superior temporal and temporopo-
lar regions (see Mesulam, 2004, for review; also see
Zaborszky et al., 1999).

Much of the basal forebrain anatomy has been
conserved in the rodent, and the bulk of recent anat-
omy has focused on the rodent system. Three
primary subdivisions are most often referred to as
the functional components of the basal forebrain:
the medial septal nucleus in combination with the
vertical limb of the diagonal band of Broca (MS/
VDB), the horizontal limb of the diagonal band of
Broca in combination with portions of the magno-
cellular preoptic area (HDB/MCPOA), and the
corticopetal basal forebrain including the nucleus
basalis magnocellularis (NBM), the substantia inno-
minata (SI), and portions of the ventral pallidum
(hereafter included in NMB/SI). Neurons within
the MS/VDB complex provide the major cholinergic
innervation of the hippocampus, cingulate cortex,
and subiculum, with a projection to the entorhinal
cortex. Cells within the HDB/MCPOA project pri-
marily to the olfactory bulb and entorhinal cortex,
with additional projections to the occipital cortex and
the amygdala. The NBM/SI contains a continuum of
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projection neurons that provides the major source of
cholinergic input and some noncholinergic input
(mostly GABAergic) to nearly all neocortical regions.
Additionally, it provides a primary input to the baso-
lateral amygdala and to the reticular nucleus of the
thalamus (for a detailed review see Zaborszky, 2002).

The NBM/SI region serves to regulate cortex and,
at the same time, receives input from nonisocortical
paralimbic cortical areas (orbitofrontal-prefrontal, tem-
poropolar, insular, parahippocampal, and cingulate),
the amygdala, the hypothalamus, and various brain
stem cell groups. As there is no evidence of direct
thalamic projections to the basal forebrain, sensory
information must reach the basal forebrain through
either the prefrontal cortex or the central nucleus of
the amygdala, although other unreported pathways
cannot be discarded. Additionally, the basal forebrain
makes reciprocal connections with the central nucleus
of the amygdala, ventral tegmental area, locus ceruleus,
and pedunculopontine tegmental nucleus (PPT) (a
brainstem cholinergic nucleus that also projects to the
thalamus).

By virtue of a convergence of afferent brainstem
projections to the basal forebrain, diverse neurochem-
ical systems can heavily modulate the basal forebrain
and 1ts constituent cortical targets. Dopaminergic
influence can occur through projections arising
from the ventral tegmental area (VTA) or by projec-
tions arising directly from the substantia nigra pars
compacta, substantia nigra pars reticulata, or retro-
rubral field (Semba et al, 1988). Serotonergic
influence gains access to the basal forebrain by
way of dense projections arising from the dorsal
raphe nucleus, lighter projections from the median
raphe nucleus, or sparse projections directly from the
raphe magnus (Semba et al, 1988; Gasbarri et al,
1999). The basal forebrain can receive noradrenergic
influence either from the locus ceruleus or from the
nucleus of the solitary tract (Semba et al, 1988;
Espana and Berridge, 2006). Finally, the brain stem
cholinergic system, which is also referred to as the
pontomesencephalic cholinergic system (Shute and
Lewis, 1967; Woolf, 1991), provides cholinergic input
to the basal forebrain primarily by receipt of projec-
tions from the laterodorsal tegmental nucleus (LDT)
(Satoh and Fibiger, 1986, Woolf and Butcher, 1986;
Semba et al., 1988) and also from the PPT (Semba
et al., 1988).

Thus, the NBM/SI corticopetal region is well
positioned to exert influence on the cortex, providing
a primary source of acetylcholine and other neuro-
transmitters in a regionally independent manner and

in the service of other neural systems. Such a system
is well suited to play a role in a variety of cognitive
functions, including memory.

3.15.5 Basal Forebrain Cell Types

The ability to produce selective neurotoxic lesions of
only the cholinergic neurons within the basal fore-
brain has led to a strong emphasis being placed on
discovering the function of these cells, especially
given their role in AD and in attentional processing.
However, the cholinergic cells constitute only a por-
tion of the cell population in the region. Several other
cell types, including GABAergic, peptidergic, and
most likely glutamatergic cells also reside within
the basal forebrain (Jones and Miihlethaler, 1999;
Zaborszky et al, 1999). The characterization of these
noncholinergic cell populations is an important route
of exploration. While the precise role of these other
cell types is unknown, the anatomical localization of
these cells within the cholinergic basal forebrain sys-
tem and their projection patterns indicate that they
provide a very important contribution to the func-
tionality of the basal forebrain.

In an elegant series of studies, Zaborszky’s group
(Zaborszky, 2002; Gritt et al., 2003; Zaborszky et al,,
2005) has found noncholinergic cells that contain the
different calcium-binding proteins — calbindin, calre-
tinin, and parvalbumin — and has determined the
three-dimensional structure and clustering patterns
of the four cell types within the entirety of the basal
forebrain. These neuronal types form sheets or bands
that are twisted and attached to each other and that
are not randomly distributed but show location-
dependent density profiles (see Figure 1). In almost
all basal forebrain regions that contain large cholin-
ergic neurons, the other cell types are interspersed in
this manner.

There has been some discrepancy on the
percentage of basal forebrain neurons that are
cholinergic as opposed to containing other neuro-
transmitters. Zaborszky et al. (2005) found high
ratios of GABAergic to cholinergic cells that varied
according to structure, with higher ratios in the glo-
bus pallidus and SI than in the MS/VDB, HDB,
ventral pallidum, and the internal capsule. While it
1s unclear what proportion of these GABAergic cells
are cortically projecting, other studies (Gritti et al.,
1997; Sarter and Bruno, 2002) found that there are
roughly equal amounts of GABAergic and choliner-
gic cells that project to cortex. Additionally, Jones
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and colleagues (Manns et al, 2001, 2003) found a
large subset of cells that were neither GABAergic
nor cholinergic but, rather, putatively glutamatergic.
These cells also project to cortical regions. In a new
study by this group using unbiased stereological esti-
mates in rat, it was found that only a small minority of
cells within the BF (5%) are capable of synthesizing
acetylcholine, while 35% are capable of synthesizing
GABA, and a vast majority (90%) are capable of
synthesizing glutamate (Gritti et al., 20006).

The heterogeneity of cell types, and the interesting
structural patterning they manifest, reveals a rich
organization within the basal forebrain. The structure
may consist of functionally distinct circuits constituted
by basal forebrain subsections and their connected
cortical regions. Further understanding of the organi-
zational principles of this system and the role of
GABAergic and glutamatergic, in addition to cholin-
ergic, cells 1s likely to provide clues regarding the way
in which the system may subserve aspects of cognition
and memory.

3.15.6 Medial Septum/Vertical Limb
of the Diagonal Band
Electrophysiology and Memory

The MS/VDB is most well known for its role in the
generation and maintenance of hippocampal oscilla-
tory activity, especially the theta and gamma
rhythms found therein (Petsche and Stumpf, 1962;
Stewart and Fox, 1990a,b; Vinogradova, 1995). Initial
evidence for this role came from studies that showed
that lesions of the MS/VDB result in abolition of the
hippocampal theta rhythm, whereas stumulation of
the MS/VDB produces theta in the hippocampus
(Lee et al, 1994; Jackson and Bland, 20006).
Additionally, cells in the MS/VDB show oscillatory
activity that correlates with the hippocampal theta
rhythm. Ford et al. (1989) found that the majority of
cells in the MS/VDB were theta-related and classi-
fied them as theta-on or theta-off cells. Dragoi et al.
(1999) also found several types of theta-related neu-
rons in the MS/VDB: rhythmic neurons phase-
locked to theta, nonrhythmic but phase-locked cells,
and a smaller group of cells that were neither rhyth-
mic nor phase-locked to the hippocampal theta
oscillation (see also Gaztelu and Buno, 1982; Alonso
et al.,, 1987; King et al.,, 1998). The determination of
which type of cells these were was not undertaken,
and there is still some controversy over the role of
different types of MS/VDB neurons on hippocampal

theta. Given that there is a strong reciprocal connec-
tion from hippocampal interneurons to MS/VDB
GABAergic neurons, and that hippocampal cells
also show intrinsic theta rhythmic firing, it may be
important to think of theta generation as a system-
wide phenomenon involving several cell types and
depending upon the reciprocal interrelationship
between the MS/VDB and hippocampus.

Evidence for a role in hippocampal theta genera-
tion and maintenance by cholinergic MS/VDB cells
is mainly indirect. Selective lesions of the cholinergic
cells in the MS/VDB lead to a severe reduction of
rhythmically bursting neurons within the MS/VDB
(Aparts et al,, 1998). Additionally, Lee et al. (1994)
selectively lesioned the cholinergic MS/VDB cells
and found a reduction in theta power in the hippo-
campus. However, a definite theta peak during active
wake and rapid eye movement (REM) sleep remains
in the face of an absence of cholinergic input, leading
to the suggestion that GABAergic neurons could play
a prominent role in theta rhythm generation. In a
study in which only the noncholinergic cells in the
MS/VDB were lesioned (Yoder and Pang, 2005), an
attenuation of hippocampal theta was found, con-
firming this hypothesis. Additionally, juxtacellular
labeling techniques have revealed parvalbumin
(PV)-positive neurons exhibiting highly regular
bursting activity correlated to either the peak or
trough of hippocampal theta waves. Subsequent stud-
ies have shown that MS/VDB GABAergic cells have
the intrinsic propensity to oscillate at theta frequency
(Serafin et al, 1996). Furthermore, some of these
neurons had an intraburst frequency in the gamma
range (Manns et al., 2000a,b; Borhegyi et al,, 2004),
allowing for entraining of both theta and gamma
rhythmicity in the hippocampus. These findings
indicate that the septohippocampal GABAergic
projection may be sufficient to maintain some hippo-
campal theta activity, while the cholinergic cells may
have a role in determining the magnitude of hippo-
campal theta.

The MS/VDB’s role in memory may be mainly
through its role in theta generation, as there is con-
siderable evidence that theta rhythm plays a vital role
in information processing and memory formation
(Winson, 1972; Givens and Olton, 1994; O’Keefe
and Burgess, 1999; Seager et al.,, 2002). The role of
theta in learning and memory has been a topic of
interest since the finding that MS/VDB lesions that
eliminated theta in the hippocampus produced
severe memory deficits (Winson, 1978). A plausible
mechanism by which theta rhythmicity could affect
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Figure 2 Theta phase precession observed in the place cells of the rat hippocampus. When the rat runs to the right, the
phase shift in firing within each theta rhythm cycle occurs in place cells 1-4, which are activated sequentially. The phase is
arranged in order of firing within one phase cycle (an example is represented by gray lines). The rat running environment is
expressed in compressed form in each theta cycle. From Dr. Yoko Yamaguchi, Laboratory for Dynamics of Emergent

Intelligence.

information-processing and memory is for it to act as
a substrate for long-term potentiation (LTP) and
long-term depotentiation (LTD). In fact, studies
have indicated a faster decay of LTP with MS/
VDB lesions and prolonged LTP maintenance with
MS/VDB stimulation (Rashidy-Pour et al, 1996;
Frey et al,, 2003). While the role of LTP and LTD
in learning and memory is still incompletely under-
stood, there is mounting evidence for such a role
(Moser et al,, 1993; Rogan et al, 1997; Wilson and
Tonegawa, 1997; but see Barnes, 1995, for a critique
of this view). It is revealing that several studies have
indicated that L'TP occurs at the peak of the theta
rhythm (Pavlides et al., 1988) and that stimulation at
the peak of theta induces L'TP, while stimulation at
the negative phase of theta rhythm depotentiates
previously potentiated synapses (Holscher et al,
1997). These findings have led to the construction
of a model in which the two phases, the peak and
trough of local theta, correspond to memory encod-
ing and retrieval, respectively (Hasselmo et al., 2002).

Adding to the general idea that theta has a role in
memory through its action on LTP and LTD is an
intriguing finding concerning the nature of place-
specific cells and their firing patterns with respect
to the theta rhythm. Principal (pyramidal) cells in the
hippocampus show location-specific discharge dur-
ing exploration (place fields). O’Keefe and Recce
(1993) found that the phase of the theta cycle at
which such cells fire advances gradually as the animal
passes through the cell’s place field; that is, the initial
spiking occurs at a particular phase of theta, but each
successive spike moves to an earlier location on the

theta wave (see Figure 2). This phenomenon has
been called phase precession and has been postulated
to result in the compression of temporal sequences of
place cell firing, which could facilitate synaptic plas-
ticity (Skaggs et al,, 1996) and perhaps act as a neural
substrate of path integration and episodic memory
(Dragoi and Buzsaki, 2006).

The MS/VDB’s effect on hippocampal rhythmi-
city is thus a well-studied and robust phenomenon.
Additionally, through its effect on synaptic plasticity
in the form of LTP and LTD, the MS/VDB can
strongly affect the way in which hippocampal pro-
cesses underlying learning and memory function.

3.15.7 The Nucleus Basalis
Magnocellularis/Substantia
Innominata Electrophysiology
and Memory

The NBM/SI possesses interesting electrophysio-
logical properties that render it highly important for
cortical processing. It is involved in the general role
of activation or desynchronization of cortex but also
plays a more specific role in learning and memory, as
single-unit, field potential, and stimulation studies
have revealed. While some progress has been made
in determining the electrophysiological properties of
NBM/SI neurons and their role in learning and
memory, there is still much to be done to fully
explicate these properties.

There is an abundance of evidence indicating that
the NBM/SI region of the basal forebrain is involved



288 Basal Forebrain and Memory

in the activation or desynchronization of the cortical
EEG, a state that corresponds to active, exploratory,
and attentive behaviors. This capacity is dependent
upon both cholinergic and GABAergic projections to
cortex, although much of the initial evidence for this
role came from studies on acetylcholine and its role
in cortical acuvity. The first such study (Longo,
1966) blocked cortical acetylcholine through a mus-
carinic receptor antagonist, which resulted in an
increase in slow-wave activity much like that found
in non-REM sleep. Since this initial study, many
others have corroborated a role for acetylcholine on
the acuvation of cortex (Dringenberg and
Vanderwolf, 1997; McCormick and Bal, 1997,
Detari et al., 1999; Cape et al,, 2000; Detari, 2000;
Manns et al., 2000a; Linster and Hasselmo, 2001).
Further studies showed that lesions of the NBM/
ST result in a marked reduction of cortical activation,
leading to the conclusion the NBM/SI is necessary
for such activation. While there is some evidence that
selectively lesioning just the cholinergic cells in the
NBM/SI results in an attenuation of cortical desyn-
chrony (Berntson et al,, 2002), more evidence points
to a combinatorial action, with GABAergic and other
transmitter types such as glutamate also being
involved in this capacity. Given that an equal number
of GABAergic and cholinergic neurons within the
NBM/SI project to cortex (Walker et al, 1989;
Gritt et al.,, 1997; Zaborszky et al,, 1999), this is not
surprising. Furthermore, as stimulation of NBM/SI
GABAergic corticopetal projection neurons inhibits
cortical GABAergic interneurons, this can in turn
increase cortical disinhibition, resulting in increased
cortical activation (Jones and Miihlethaler, 1999;
Manns et al., 2001; Sarter and Bruno, 2002).
Single-unit studies have provided further evi-
dence that the NBM/SI is involved in activating
cortex. For example, enhancement of single-unit
responses in the cortex occurs through stimulation
of cholinergic cells (Metherate and Ashe, 1993;
Herron and Schweitzer, 2000; Berntson et al., 2003).
Additionally, many basal forebrain neurons show
elevated discharge rates and a bursting pattern of
firing during active wake and REM sleep (Cape
et al, 2000; Manns et al, 2000a; Szymusiak et al,
2000). While many of these cells increase their
firing rates during cortical desynchronization, some
decrease their firing rates during this time. By utiliz-
ing simultaneous labeling and recording studies,
Duque et al. (2000) discovered that both cholinergic
and PV-labeled (GABAergic) neurons increased ac-
tivity with cortical activation, while those that were

labeled as neuropeptide Y (NPY), which are most
likely local interneurons, decreased rates. These
data lend support for a major GABAergic component
to cortical activation. It is clear from the above that
the basal forebrain has a complex effect on the cortex,
with different neuronal types contributing differently
to activation or desynchrony.

While the effect on cortical arousal is interesting
in itself, there is also neurophysiological evidence
supporting a more specific role for NBM/SI activity
in learning and memory. This evidence originated
with Kanai and Szerbs’ work in 1965 on acetylcholine
release in the cortex (Kanai and Szerb, 1965). They
found that there were two distinct mechanisms of
release in the cortex, one related to general arousal
and another, more specific, function related to sen-
sory stimuli that have obtained significance for the
animal. Later work showed that stimulation of the
NBM/SI increases the responsiveness of cortical
neurons to sensory stimuli (Metherate and Ashe,
1991) and that Ach applied to cortical sensory neu-
rons increases responses to sensory stimuli (Sillito
and Kemp, 1983; Metherate et al, 1987), while
lesions reduce the responsiveness of neurons in visual
cortex to visual sumuli (Sato et al., 1987).

In addition to general increases in responsiveness,
several studies have shown that NBM/SI neurons
respond to particular associations formed during
learning, as they respond to the learned significance
of task events as well as to the novelty, familiarity, or
recency of presentation of stimuli (Wilson and Rolls,
1990a,b; Whalen et al., 1994; Wilson, and Ma, 2004).
Many studies have shown that stimulation of basal
forebrain neurons also results in changes in the cortex
that correspond to improvements in learning and
increased plasticity (Metherate and Ashe, 1991;
Edeline et al,, 1994; Kilgard and Merzenich, 1998;
Weinberger and Bakin, 1998; Rasmusson, 2000,
Miasnikov et al, 2001; Kilgard, 2003). Conversely,
lesions of the NBM/SI result in a reduction in such
learning and plasticity (Conner et al., 2003, 2005).
These changes may be subserved by the long-term
enhancement of evoked potentials and the facilitation
of multiunit activity that is also seen with stimulation
of the region. One major remaining question is the
determination of cell types that respond in these
ways. To date, no study on the responses of NBM/
ST neurons during behavioral tasks has determined
the neurotransmitter type (cholinergic, GABAergic,
or other) of the cells that have been recorded.

Cortical oscillations in the theta, beta, and gamma
ranges are implicated in learning and memory.
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Several studies have shown that cells within the
NBM/SI are intrinsically oscillatory and that the
NBM/SI can induce oscillatory activity in the cortex.
Lee et al. (2004) showed that cholinergic neurons
within the NBM/SI discharge in bursts at maximal
rates during active waking and REM sleep, which is
correlated with theta oscillations. They also found
that subgroups of GABAergic neurons had very reg-
ular high-frequency tonic spiking within a gamma
EEG frequency range and rhythmic bursting at
theta-frequency range during cortical activation. In
addition to these single-unit studies on oscillatory
activity, Quinn et al. (2002) showed that local field
potential recordings within the NBM/SI of freely
behaving animals reveal rhythmic activity at the
theta, beta, and gamma frequency ranges. Given its
wide projection pattern to numerous cortical regions,
oscillatory activity in the BF can have wide-ranging
effects on the patterning of activity in cortex.

3.15.8 Animal Models of Memory

A characterization of the role of the basal forebrain
and its subregions in memory has been provided
through the utilization of primate and rodent models
in which all or part of the basal forebrain has been
removed and the resultant behavioral capabilities of
the animal analyzed. A variety of techniques have
been used for removal of this region, including
electrolytic lesions, neurotoxic lesions, and more
recently, immunotoxic lesions. Historically, observed
deficits following removal of the basal forebrain were
attributed to the cholinergic denervation of target
structures of the basal forebrain, but with the advent
of an immunolesion technique, reinterpretation of
these results became necessary.

Direct investigation of the role of cholinergic
neurons in memory became possible in the early
1990s, when a new immunotoxin, 192 IgG-saporin,
was developed (Wiley et al,, 1991). Delivery of 192
IgG-saporin directly into the basal forebrain results
in selective destruction of cholinergic neurons,
whereas neighboring noncholinergic neurons are
left intact. This selective destruction is accomplished
by taking advantage of the receptor profile of basal
forebrain cholinergic neurons. Cholinergic neurons
bear the P75 neurotrophin receptor that is absent
from neighboring neurons. Preferentially binding to
the P75 receptor, 192 IgG is an immunoglobulin that
effectively delivers a cytotoxin (saporin) to the cell
body, accomplishing selective destruction of the

cholinergic neurons in the basal forebrain. Here it is
important to note that a small subpopulation of neu-
rons in the cholinergic basal forebrain do not bear the
P75 neurotrophin receptor. This subpopulation of
neurons projects primarily to amygdaloid nuclei,
resulting in residual cholinergic innervation of var-
ious amygdaloid nuclei (including the basolateral
nucleus) (Hecker and Mesulam, 1994).

A large body of work using this immunolesion
technique has served to revise the role of the basal
forebrain cholinergic system in various aspects
of memory, as many of the deficits found with com-
plete lesions have not been found with targeted
removal of only cholinergic neurons. (see Baxter,
2001, for review). The basal forebrain contains
several other neuromodulatory cell types, including
GABAergic and glutamatergic cells, which together
comprise a high percentage of the totality of neurons
found in the region. Understanding the role of these
and other neuromodulators is of great importance to
fully explicate the role of the basal forebrain in
memory.

3.15.9 The Medial Septum/Vertical
Limb of the Diagonal Band and Memory

Total removal of MS/VDB neurons in rodents leads
to profound deficits in spatial learning and memory
tasks alongside an increase in reactive behavior
(Gage and Olton, 1975; Mitchel et al, 1982;
Dunnett et al, 1987; Hagan et al,, 1988; Kelsey and
Landry, 1988; Kesner et al., 1988). For example, on
several spatial memory tasks that are classically dis-
rupted by hippocampal lesions, including the Morris
water maze and radial eight-arm maze, deficits in the
ability to recall spatial locations following full lesions
of the MS/VDB are robust. Additionally, temporary
inactivation of the MS/VDB results in drastic mem-
ory deficits along with a reduction in hippocampal
theta rhythm, which is important for memory
(Mizumori et al, 1990; Givens and Olton, 1994,
Hasselmo et al., 2002) Thus, historically, such deficits
were thought to be a result of cholinergic denerva-
tion of the hippocampus and other structures to
which the intact MS/VDB provides cholinergic
input, building on a cholinergic hypothesis of mem-
ory. However, with the advent of selective lesioning
techniques, the cholinergic basis of these deficits has
been called into question.
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3.15.10 Selective Cholinergic

and GABAergic Lesions of the Medial
Septum/Vertical Limb of the Diagonal
Band: Implications for Attention,
Learning, and Memory

A more recent body of work, in which discrete
removal of the cholinergic neurons is accomplished
by direct infusion of 192IgG-saporin into the MS/
VDB complex, demonstrates that rodents maintain
the ability to do standard spatial memory tasks, includ-
ing various versions of the Morris water maze (Baxter
et al, 1995, 1999a); McMahan et al, 1997). Rats with
these lesions are also able to perform a standard radial
maze task, even when long delays are inserted
between training and testing (Chappell et al,, 1998).
Interestingly, selective lesions of just GABAergic cells
within the MS/VDB also do not affect rats’ ability to
perform normally on the same tasks (Pang et al,
2001). Since neither type of lesion alone results in
impairments on standard spatial memory tasks, it
may be concluded that most spatial memory impair-
ments found with lesions of the MS/VDB require at
the least a depletion of both the cholinergic and
GABAergic neurons within the region.

Whereas impairments in spatial memory are either
mild or absent in rats who have sustained selective
cholinergic lesions of the MS /VDB, a separate body of
work indicates that these rats have memory deficits in
tasks that emphasize other behavioral or sensory
domains. Rats with selective cholinergic MS/VDB
lesions demonstrate impairments on a social transmis-
sion of food preference task, a task that is dependent
on olfactory associative memory (Berger-Sweeney
et al, 2001; Vale-Martinez et al,, 2002). Specifically,
these rats demonstrate a deficit in delayed recall of a
food preference learned prior to surgery, indicating a
retrograde memory deficit. These data are taken to
mean that the cholinergic projection to the hippocam-
pus is involved in retrieval of social memories related
to food preference.

Another arena in which rats with selective lesions
of the MS/VDB demonstrate memory deficits is when
they are presented with more than one potentially
relevant feature. Rats were tested on a conditional
associative learning task, termed environment-spatial
conditional learning. In this task, the correct location
of a spatial response depended on the array of local
environmental cues. Rats with cholinergic lesions
of the MS/VDB were impaired when the two
parts of the conditional problem were presented

concurrently, but not when one spatial environment
was learned prior to the other. (Janisiewicz and
Baxter, 2003).

These same lesions reliably produced impair-
ments in tasks requiring that the rat learn to
decrement attention to irrelevant stimuli, indicating
that this system 1is critical for reducing attention to
irrelevant stimuli and perhaps to reducing interfer-
ence from irrelevant features in the environment
Although these functions do not directly address
memory functions, they certainly come to bear on
effective learning and memory. (Baxter et al, 1997,
1999b). Such changes in attentional processing are
also evident in selective lesions of projection sites of
the MS/VDB area. Discrete cholinergic denervation
of the anterior cingulate, a projection region of this
system, led to an increase in interference from dis-
tracting background flashes in a target detection task.
This same manipulation also reduced a characteristic
increase in the firing rate of medial prefrontal neu-
rons to the distracting flashes (Gill et al, 2000),
indicating that such firing works in the service of
reducing processing of the flash and allowing salient
information to be processed and remembered.

Discrete cholinergic lesions of the MS/VDB also
impair various tasks that involve strategy selection or
adaptively changing strategies or behavioral sets
across both spatial (Cahill and Baxter, 2001; Bizon
et al, 2003) and nonspatial (Baxter, 2001) memory
tasks. This function of learning enables optimal per-
formance in learning and memory tasks.

Selective cholinergic lesions of the MS/VDB pro-
duce domain-specific deficits in learning and memory
that are insufficient to account for the sort of amnesia
observed in humans but are sufficient to hamper the
sort of optimal learning on which memory relies.
Additionally, some very convincing studies have
emphasized the importance of the GABAergic system
not just as a modulator of the cholinergic system but as
another primary projection system of the basal fore-
brain. Combined cholinergic and GABAergic lesions
lead to global spatial memory impairments. This is a
strong indicator that the conjoint activity of the system
is essential to memory function.

3.15.11 The Nucleus Basalis
Magnocellularis/Substantia
Innominata and Memory

Complete lesions of the nucleus basalis/substantia
innominata (NBM/SI) region of the basal forebrain
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reveals similar learning and memory deficits to those
of the MS/VDB region, despite the very different
projection patterns of the two regions. Lesioning
either region leads to difficulty on spatial discrimina-
don tasks (Hepler et al, 1985) and spatal working
memory tasks, including standard water maze and radial
maze tasks (Bartus et al, 1985; Connor et al, 1991;
Matsuoka et al, 1991). Thus, earlier studies viewed
these two basal forebrain systems as having somewhat
redundant memory functions while emphasizing a role
for the total system in working rather than reference
memory (Knowlton et al,, 1985).

On nonspatial tasks, investigations have revealed
differential  disturbances of temporal memory
between the MS/VDB and the NBM, indicating
that rats with NBM lesions share deficits in temporal
memory with those having frontal cortex lesions,
rather than with those having MS/VDB lesions
(Meck et al., 1987). The role of the NBM in aspects
of temporal memory has also been explored through
direct comparisons of the performance of rodents
with NBM lesions to that of patients with AD on
order memory tasks. Such comparisons revealed that
complete lesions of the NBM result in order memory
deficits that parallel those observed in patients with
AD (Kesner et al., 1987).

With the development of a broader variety of
neurotoxic lesion techniques, further studies indi-
cated that, as with the MS/VDB, the substantive
spatial working memory deficits observed in rodents
with NBM lesions were most highly correlated with
maximal destruction of basal forebrain neurons, but
not with maximal depletion of acetylcholine (Wenk
et al,, 1989; Markowska et al., 1990). A direct compar-
ison of different types of memory tasks across
different neurotoxic lesions of the NBM indicated
that maximal destruction of the NBM (in the absence
of maximal depletion of cortical acetylcholine) led to
spatial working memory deficits in the water maze
and delayed match-to-position tasks. These lesions
also impaired an attention-based serial reaction time
and a passive avoidance task.

NBM lesions that maximally depleted cortical
acetylcholine resulted in preserved performance on
spatial working memory tasks. However, cortical
acetylcholine depletion did result in impaired per-
formance on the serial reaction task (Dunnett et al.,
1990). These findings combined with contemporary
findings from pharmacological studies, led to the
proposal that the NBM may be preferentially
involved in attentional processes rather than memory
processes (Dunnett et al, 1990; Muir et al,

1993; Pang et al., 1993). One hypothesis set forth to
explain the stark behavioral contrast between the
substantive working memory deficits following total
destruction of the NBM as opposed to the absent or
mild working memory deficits following partial
destruction of the NBM was the idea that the sub-
stantive memory deficits were a result of damage to
the globus pallidus that included disruption of corti-
costriatal output pathways (for review see Dunnett
et al,, 1990; Muir et al.,, 1993). Alternatively, the mild
deficits were taken to be a result of depleting cortical
acetylcholine and thereby disrupting basic atten-
tional processes (for review see Muir et al.,, 1993).

3.15.12 Selective Cholinergic
Lesions of the Nucleus Basalis
Magnocellularis/Substantia
Innominata: Implications for Attention,
Learning, and Memory

The advent of a selective immunolesion technique
(192-IgG saporin) has allowed a thorough assessment
of the necessity of the SI/NBM corticopetal cholin-
ergic system in various aspects of attention as well as
memory.

Behavioral and neurobiological data concur that
cholinergic neurons in the basal forebrain help to
fluidly and appropriately regulate attention to rele-
vant stimuli (for review see Baxter and Chiba, 1999;
McGaughy et al, 2000). The integrity of NBM/SI
cholinergic neurons is also required for the typical
facilitation in processing stimuli whose outcomes are
uncertain (Chiba et al,, 1995; Bucci et al,, 1998), a
strategy that has been proposed to underlie the
learning of effective predictive associations between
stimuli (Pearce and Hall, 1980; Holland and
Gallagher, 1993). This facilitated learning of, or
increasing of attention to, surprising events that are
typical of intact rats but are absent in rats with NBM/
ST cholinergic lesions. In addition, the integrity of
NBM/SI cholinergic neurons has been found to con-
tribute to the fluid allocation of visuospatial attention,
perhaps by reducing the behavioral influence of mis-
leading stimulus expectations from visuospatial cues.
This was revealed in an experiment in which rats with
NBM/SI cholinergic lesions demonstrated poorer
performance than control rats on trials in which mis-
leading cues were presented (Chiba et al., 1999). The
integrity of the NBM/SI cholinergic system may also
be essential for adequate detection, selection, vigi-
lance, and processing of stimulus associations, in
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addition to the proper allocation of processing to
these attentional functions. This is indicated by a
large literature in which NBM/SI cholinergic lesions
selectively impair aspects of these functions. (for
review see Sarter et al, 1999; McGaughy et al,
2000, 2002; Baxter, 2001).

Many of the described attentional deficits have been
replicated by utilizing cortical infusions of 192IgG
saporin to remove only those NBM/SI neurons that
innervate particular cortical sites involved in these
aspects of attention. Specifically, vigilance or sustained
attention deficits have been replicated in animals with
frontoparietal deafferentation (McGaughy et al,, 1998),
whereas failure to increase attention to surprising
events and deficits in conditioned responding were
replicated by posterior parietal deafferentation (Bucci
et al,, 1998; Bucci and Chess, 2005). Thus, there exists a
large body of literature, based on this selective immu-
nolesion technique, implying a role for the cholinergic
NBM/SI and its cortical targets in various aspects of
attention.

A large number of studies indicate that the classic
working memory deficits observed in rats with total
NBM/SI lesions are not observed in rats with selec-
tve cholinergic lesions of this system (for review see
Baxter and Gallagher, 1996; Everitt and Robbins,
1997, Wenk, 1997; Baxter and Chiba, 1999; Baxter,
2001). For example, neither a deficit in water maze
performance nor a deficit in radial maze performance
(even with very long delays) was evident in these rats
(Baxter etal,, 1995; Chappell et al., 1998; Galani et al,,
2002). Additionally, neither passive avoidance nor
delayed alternation was impaired in rats with these
lesions (Wenk et al,, 1994). In order to eliminate the
possibility that the MS/VDB neurons exert a com-
pensatory function when the NBM/SI is lesioned, it
was also important to examine the behavioral effects
of combined lesions of the MS/VDB and NBM/SI
cholinergic neurons on behavior. An investigation
utilizing a cholinergic immunotoxin to create a
combined lesion of MS/VDB, SI/NBM, and HDB
indicated that, even in the face of removing this
entire system, spatial working memory (as measured
by performance in a standard water maze task) remai-
ned intact (Vuckovich et al, 2004). The aggregate of
the NBM neurotoxic lesion work and the large body
of work utilizing the selective cholinergic immuno-
toxin, 192 IgG saporin, refuted the long-standing
hypothesis that basal forebrain cholinergic projections
to the cortical mantle are essential to support classic
working memory tasks.

Here it is important to note that the NBM/SI
provides cholinergic innervation to the cortical man-
tle and also to the amygdala. The cholinergic
immunotoxin, 192 IgG saporin, depletes the prepon-
derance of cortical acetylcholine while sparing a
large portion of the cholinergic innervation of the
amygdala. Selected studies examining the impor-
tance of the NBM/SI projections to amygdala in
memory highlight the potential importance of this
basal forebrain axis in subserving aspects of memory.
If the NMB/SI cholinergic neurons are lesioned
simultaneously with either lesioning or cholinergic
blockade of the amygdala, substantive working mem-
ory and/or emotional memory deficits are incurred,
including aspects of memory consolidation and
enhancement of emotional memory (see Beninger
et al,, 2001; Power et al,, 2002). Further examination
of the basal forebrain amygdalopetal pathway is
likely to provide insight regarding an important
role for basal forebrain cholinergic neurons in addi-
tional aspects of memory.

In light of the reliance of many of the classic
working memory tasks on spatial information, a
further set of studies set out to examine the role of
the NBM/SI cholinergic projections in supporting
forms of associative memory that rely on nonspatial
sensory associations. The studies revealed that
NBM/SI cholinergic lesions produce a deficit in
social transmission of food preference on both
immediate and 24-h retention intervals (Berger-
Sweeney et al, 2000; Vale-Martinez et al, 2002),
indicating a deficit in encoding new sensory associa-
tions. Another study assessing a form of configural
associative memory, negative patterning, indicates
that rats with NBM/SI cholinergic lesions demon-
strated a deficit in this form of sensory associative
learning (lights and tones) (Butt et al.,, 2002). These
results were taken to indicate that the rats either were
unable to attend to multiple sensory stimuli concur-
rently or were unable to cope with the different
response strategies required by the task. In order to
address the potential issue of cognitive flexibility, an
additional study examined the ability of NBM/SI
cholinergic lesioned rats to learn and reverse sensory
associations. The results of this study indicate that
NBM/SI lesioned rats were able to learn a simple
discrimination (between two stimuli of different sen-
sory modalities) but that they were impaired at
learning muluple reversals (Cabrera et al, 2006).
This is indicative of a general lack of cognitive flex-
ibility, a function that is also impaired in primates
with similar lesions. Thus, the NBM/SI appears to
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play an important role in the learning, memory, and
flexible use of sensory associations. Further clarity of
this role will arise from additional investigation (See
Chapter 3.11).

3.15.13 The Role of the Basal
Forebrain in Regulating Cortical
Targets

Behavioral learning and memory that depend on the
formation and utilization of complex sensory associa-
tons have been shown to rely upon intact basal
forebrain cholinergic projections to cortical regions.
This is consistent with a large body of literature
indicating that cortically projecting cholinergic neu-
rons in the basal forebrain promote activity and
plasticity in the cortex in response to sensory stimuli
or actions that predict significant events in the envi-
ronment (Wilson and Rolls, 1990a; Whalen et al,
1994; Bakin and Weinberger, 1996; Kilgard and
Merzenich, 1998; Mercado et al., 2001; Conner
et al, 2003, 2005; Oldford et al,, 2003; Berg et al,
2005). The ability of the NBM/SI to promote
plasticity in very restricted cortical regions (see
Weinberger, 2003; Kilgard, 2003, for review) provides
anatomical support for the idea that such associative
learning deficits may rely on the basal forebrain cho-
linergic projections to the cortical targets that
preferentially support a particular type of learning.

Further support for this hypothesis comes from
studies showing that selective removal of only those
cholinergic neurons that project to a particular target
cortical region disrupts aspects of sensory learning or
memory. For example, selective removal of the cho-
linergic innervation of the orbitofrontal cortex
(OFC) in rats is sufficient to replicate the learning
and memory deficits in social transmission of food
preference observed in NBM/SI lesioned rats (Ross
et al, 2005). This finding is in accordance with the
strong anatomical olfactory inputs to OFC and the
importance of the OFC in supporting various aspects
of olfactory learning and memory (see Eichenbaum,
1998, for review). Removal of the HDB cholinergic
neurons eliminated acetylcholine in the olfactory
system (including cortical targets and the olfactory
bulb), thereby decreasing a rat’s ability to discrimi-
nate between perceptually similar odorants (Linster
et al,, 2001).

Whereas the aforementioned studies focus on the
role of acetylcholine in permitting sensory associa-
tions and discriminations, other studies examining

selective destruction of basal forebrain cholinergic
neurons that project to multimodal cortical regions
indicate that such lesions disrupt learning and mem-
ory of novel sumuli, but not familiar stimuli. For
example, cholinergic deafferentation of the ento-
rhinal cortex results in impaired working memory,
as measured by a delayed nonmatch-to-sample task,
for novel but not for familiar odorants (McGaughy
et al,, 2005). Cholinergic deafferentation of the peri-
rhinal cortex disrupts object recognition memory for
novel objects, a process that is also disrupted by
complete lesions of the perirhinal cortex (Winters
and Bussey, 2005). Interestingly, these cortical target
structures receive cholinergic information from two
or more of the basal forebrain regions, indicating
redundancy of cholinergic input and an opportunity
for convergence of basal forebrain input at these
cortical sites. Taken together, investigations utilizing
selective cortical deafferentation indicate that these
selective lesions replicate impairments incurred by
lesions to their cortical regions. This indicates that
basal forebrain cholinergic modulation is basic to
effective cortical function under conditions of learn-
ing, memory, and attention.

3.15.14 The Effects of Basal
Forebrain Lesions in the Nonhuman
Primate

The effect of basal forebrain lesions on learning and
memory delineated above was gleaned primarily
from rodent studies. Nonhuman primate studies uti-
lizing neurotoxic lesion techniques that removed the
majority of NBM cell bodies have revealed selective
performance deficits that differ somewhat from those
found in rodents. In general, unlike complete lesions
in rodents, only mild or transient memory deficits
ensued, whereas, as in the rodent studies, impair-
ments in learning and attention persisted. A study
of monkeys with restricted NBM lesions found a lack
of memory impairment on a recognition memory test
(Aigner et al., 1987). A study of visual discrimination
learning in marmoset monkeys with neurotoxic
lesions of the nucleus basalis indicated a transient
impairment for retention (lasting only 1 week after
lesion), with a persistent impairment in new learning
(Roberts et al, 1990). An additional study, testing
other aspects of learning and memory, demonstrated
that marmoset monkeys were able to selectively
attend to stimulus features in an intra- and extradi-
mensional set shifting task. Still, they demonstrated a
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transient impairment for new learning and were
incapable of serial reversal learning, demonstrating
a sort of cognitive inflexibility (Roberts et al., 1992).
An additional study, examining the role of the basal
forebrain in cynomolgus monkeys, employed neuro-
toxic lesion techniques targeted at both MS/VDB
and NBM (with the end result being substantial
damage to the NBM with lesser damage to the MS/
VDB). These basal forebrain lesioned monkeys were
tested on a variety of memory tasks and on aspects of
attention such as orienting and target detection. The
resultant data strongly indicate a role for this region
in allocating visuospatial attention, in the absence of
any distinct memory impairments (Voytko et al,
1994).

An immunotoxin (with similar action to 192-1gG
saporin, described above) targeting cholinergic neu-
rons in the primate was used to independently lesion
the projections to hippocampus (MS/VDB) and to
the majority of cortex (NBM) in the marmoset mon-
key. Monkeys with MS/VDB cholinergic lesions
demonstrate intact performance on a simple visual
discriminaton task, with a persistent deficit in a
visuospatial conditional discrimination task. Monkeys
with NBM cholinergic lesions demonstrate intact
visuospatial conditional discrimination learning, with
a transient deficit in simple visuospatial learning
(Ridley et al,, 1999a).

Further studies indicate that combined choliner-
gic lesions of the MS/VDB and NBM led to
persistent deficits in both of these tasks (Ridley
et al,, 1999b, 2005). Thus, cholinergic depletion of
the primate basal forebrain appears to produce a
persistent effect on new learning.

3.15.15 Behavior Summary

Certainly, the variety of work done on the basal
forebrain indicates that it plays an important role in
aspects of attention and in aspects of learning and
memory. The role of the system in memory may rely,
in part, on the fact that the integrity of the basal
forebrain is essential in order for experience to
exert change on fundamental stimulus representa-
tons (See Chapter 3.11). Although this sort of
memory is distinct from the classic form of declara-
tive memory to which people typically refer when
discussing memory deficits, it remains a form of
memory that can substantively affect many aspects
of cognition, including working memory. Another
way in which the system may play a role in memory

is through facilitating acquisition and encoding of
selected aspects of memories (see Hasselmo, 2006,
for review). Thus, the basal forebrain is an essential
structure in allowing new information to be fully
sustained and flexibly used by the neural system.

3.15.16 A Comment on Theoretical
Models of Basal Forebrain Function

A mulutude of experiments across behavioral
domains and species have been conducted in order
to shed light on the essential role of the basal forebrain
and memory. Anatomical work provides the rich neu-
rochemical landscape and potential of this region to
regulate target structures and serve as a pathway to
cortical modulation. Electrophysiological recording
provides clues to the timing functions of this struc-
ture, in addition to its potential to modulate brain
dynamics under various behavioral states. Animal
models present the potential for this structure to sub-
serve various aspects of learning, memory, and
attention. Disease states provide clues to the impo-
verished world in which subjects with damaged basal
forebrains must exist. Despite the convergent evi-
dence that muluple fields of study lend to the
behavioral function of this region, reconstruction of
this work into a unified framework has posed a diffi-
cult problem. Promising attempts to unify and
concatenate these data into a formal structure
have recently been attempted through theoretical
modeling.

The important, but often contested, roles of the
basal forebrain in supporting learning and memory
have inspired formal theories of the computations
performed by this region and the role of such com-
putations in regulating aspects of neuromodulation
and/or neural transmission in target structures.
These theories hold promise in that they provide
testable hypotheses and a means by which a mulu-
tude of data can be reconstructed into a larger
theoretical framework. Of the many computational
models that exist, those of Hasselmo and colleagues
(see Hasselmo, 2006, for review; Linster and
Hasselmo, 2001) and those of Dayan, Yu, and col-
leagues (Yu and Dayan, 2005) are particularly
relevant to the behavioral work presented in this
chapter. Among other things, models by Hasselmo
and colleagues provide an account of how encoding
might be enhanced in various target structures of
basal forebrain neurons. Models by Dayan, Yu, and
colleagues provide an account of how learning is
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facilitated by basal forebrain influences on cortex,
revealing the way in which sumulus uncertainty
augments cortical processing according to prior expec-
tations. Full explication of such models is beyond the
scope of this chapter but bears high relevance to the
role of the basal forebrain in learning and memory
and provides a compelling direction for future
investigation.

3.15.17 Conclusion

Given its widespread anatomical connectivity and
provocative neurophysiological properties, the sphere
of influence enjoyed by the basal forebrain is
undoubtedly extensive. Accessing nearly all regions
of cortex and subcortex through distinct subregions,
each holding a rich and diverse compilation of cells
and neurochemicals, the basal forebrain is in a posi-
tion to affect neuronal function across the brain. The
complexities and intricacies of this heterogeneous
region have only begun to be discovered, but the
knowledge already gleaned has provided us with
insight into some of its functions. Many of the struc-
tures to which the basal forebrain is most highly
connected are essential to learning and memory, and
thus the basal forebrain is naturally positioned to have
a large effect on mnemonic function. Evidence
provided through behavioral, lesional, and electro-
physiological methods has revealed just such an
effect. Through further examination of the entirety
of the basal forebrain, including the different cell
types and their neuromodulatory action, and through
continuing examination of the vast nexus of connec-
tivity to cortical and subcortical areas involved in
memory, subtleties concerning the exact role in mne-
monic processing will most likely be revealed.
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