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Introduction
Extensive physiological research has demonstrated a number of common effects of acetylcholine
within cortical structures, including the hippocampus, piriform cortex, and neocortex (Hasselmo, 1995,
1999). This article will provide a description of how
the different physiological effects of acetylcholine
could interact to alter specific functional properties
of the cortex.
The physiological effects of acetylcholine serve to
enhance the influence of feed- forward afferent input
to the cortex while decreasing background activity
by suppressing excitatory feedback connections
within cortical circuits. By enhancing the response
to sensory input, high levels of acetylcholine enhance
attention to sensory stimuli in the environment and
enhance encoding of memory for specific stimuli.
Interference from prior memory is reduced by suppressing synapses modified by prior learning (Sevilla
et al., 2002; Linster et al., 2003).

Acetylcholine Enhances Input Relative
to Feedback
Acetylcholine enhances both encoding and attention by enhancing the influence of sensory input relative to the internal processing of stimuli. This results
from a variety of physiological effects. Acetylcholine
enhances the spiking response of cortical pyramidal
cells to afferent input (Krnjevic, 1984). Research in brain
slice preparations consistently demonstrates depolarization of pyramidal cells due to cholinergic activation
of muscarinic receptors (Cole and Nicoll, 1984).

This slow depolarization of membrane potential
enhances the spiking response to excitatory synaptic input. The suppression of spike frequency accommodation also enhances the spiking response to
afferent input and has been observed in neocortex
and hippocampal region CA1 (Madison and Nicoll,
1984). This also facilitates sustained spiking activity
important for maintaining responses necessary for
encoding new memories (Klink and Alonso, 1997).
Acting at muscarinic receptors, acetylcholine
appears to reduce the processing of information on
the basis of prior memories within cortical structures. The selective cholinergic suppression of excitatory feedback, but not afferent input, to the cortex
has been demonstrated in slice preparations of the
piriform cortex (Hasselmo and Bower, 1992; Linster
et al., 2003), and neocortex (Hasselmo and Cekic,
1996; Gil et al., 1997). Within the hippocampal formation, muscarinic suppression of excitatory transmission was reported at connections including the
Schaffer collaterals projecting from hippocampal
region CA3 to CA1 (Hounsgaard, 1978; Hasselmo
and Schnell, 1994; Sevilla et al., 2002).This muscarinic
suppression appears to selectively spare silent
synapses (Sevilla et al., 2002) while suppressing
synapses with more AMPA conductance.
Cholinergic effects at muscarinic receptors have
been shown to selectively enhance afferent connections in thalmocortical slices (Gil et al., 1997)
and to selectively enhance synaptic transmission
in the afferent fiber system in the CA3 region of the
hippocampus while having no effect on the intrinsic
fiber synapses (Giocomo and Hasselmo, 2005). Nicotinic enhancement of afferent connections could
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complement the muscarinic suppression of intrinsic connections by amplifying input for new information while old information is suppressed. The role
of nicotine in enhancing certain memory processes
in both humans (Levin et al., 1998)and animals (Buccafusco et al., 1997) could be due to the nicotinic
enhancement of the afferent transmission of new
sensory information.

Functional Role of Cholinergic
Modulation
Numerous human memory studies demonstrate
that blockade of muscarinic acetylcholine receptors
by systemic administration of the drug scopolamine
interferes with the encoding of new verbal information while having little effect on retrieval of
previously stored information (Broks et al., 1988;
Hasselmo, 1995). Scopolamine appears to primarily
affect episodic memory while sparing semantic and
procedural memory (Atri et al., 2004). In rats, effects
of muscarinic receptor blockade by scopolamine
have been observed in tasks where the rat must
encode episodic memories.
The importance of the selective suppression of
excitatory transmission by acetylcholine has been
analyzed in computational models of associative
memory function. These models demonstrate that
cholinergic suppression of transmission prevents
retrieval of previously encoded associations from
interfering with the encoding of new associations.
Consistent with this, blockade of cholinergic suppression of excitatory synaptic transmission by
scopolamine appears to enhance proactive interference (Broks et al., 1988).
Physiological experiments in brain slice preparations have demonstrated enhancement of long-term
potentiation by cholinergic agonists at a number of
different synaptic pathways, including the Schaffer
collateral input to region CA1 (Huerta and Lisman,
1993) and associated fiber connections in the piriform cortex (Hasselmo and Barkai, 1995). This
enhancement would naturally be important for the
encoding of new information. The suppression of
synaptic transmission appears selective for recently
modified synapses (Linster et al., 2003) but not silent
synapses (Sevilla et al., 2002). This might prevent
interference by selectively suppressing retrieval of
recently learned information during new encoding.
Encoding is also enhanced by cholinergic activation of intrinsic mechanisms for sustained spiking
activity in individual neurons, which allows a longer

Journal of Molecular Neuroscience

Fig. 1. Schematic of cholinergic modulation of hippocampal dynamics during active waking and slow-wave sleep.
Left, During active waking, high levels of acetylcholine set
appropriate dynamics for encoding. Sensory information
from neocortical structures flows through the entorhinal
cortex and dentate gyrus (DG) into hippocampal region CA3,
where cholinergic enhancement of synaptic modification
helps in the formation of an intermediate-term representation, binding together different elements of an episodic
memory. Feedback connections to region CA1, entorhinal
cortex, and association cortex are strong enough to mediate immediate retrieval, but cholinergic suppression of these
connections prevents interference from previous encoding
from dominating over the feed-forward connectivity. Right,
During quiet waking or slow-wave sleep, much lower levels
of acetylcholine release the suppression of excitatory feedback. This strong excitatory feedback mediates reactivation
of memories stored in region CA3 during EEG phenomena,
termed sharp waves, which flow back through region CA1
to the entorhinal cortex. This enables the slow consolidation of long-term episodic memory in hippocampal regions
and association neocortex.

period for synaptic modification (Klink and Alonso,
1997).
The functional effect of changes in acetylcholine
levels during the sleep/wake cycle is summarized
in Fig. 1. High levels of acetylcholine during waking
will reduce interference from previously modified
synapses while allowing silent synapses to be modified. In contrast, during slow-wave sleep low levels
of acetylcholine could be important for the consolidation of previously encoded information, as
described in Fig. 1. The loss of cholinergic modulation during slow-wave sleep should enhance the
spread of excitatory activity in response to stimulation. This would provide the appropriate dynamics
for the formation of additional traces within regions

Volume 30, 2006

58_Hasselmo

10/11/06

4:31 PM

Page 135

Acetylcholine and Cortical Function
CA3 and CA1, and could allow the hippocampus to
further strengthen internal connections (Buzsaki,
1989; Hasselmo, 1999).

Conclusions
Levels of acetylcholine in the hippocampus and
neocortex could change dramatically during different stages of waking and sleep. High levels of acetylcholine during active waking might set appropriate
dynamics for attention to sensory input or encoding
of new information (Hasselmo, 1999; Linster et al.,
2003). At the same time, the cholinergic suppression
of excitatory feedback connections prevents interference from internal processing of previously stored
information (Hasselmo, 1995, 1999; Sevilla et al.,
2002; Linster et al., 2003). Lower levels of acetylcholine during quiet waking and slow-wave sleep
might provide a release from this suppression of
excitatory feedback, facilitating the process of consolidation (Hasselmo, 1999).
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