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The feedforward dentate gyrus-CA3 microcircuit in the hippocampus is thought to
activate ensembles of CA3 pyramidal cells and interneurons to encode and retrieve
episodic memories. The creation of these CA3 ensembles depends on neuromodulatory
input and synaptic plasticity within this microcircuit. Here we review the mechanisms
by which the neuromodulators aceylcholine, noradrenaline, dopamine, and serotonin
reconfigure this microcircuit and thereby infer the net effect of these modulators on the
processes of episodic memory encoding and retrieval.
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1. INTRODUCTION

The hippocampus has been strongly implicated in encoding and retrieval of memories since the
early work of Scoville and Milner several decades ago (Scoville and Milner, 1957; Squire, 1992), but
the mechanisms through which this is achieved remain largely elusive. The hippocampal circuit
receives input from the entorhinal cortex and transforms this information through successive
synaptic transmission in feedforward and recurrent networks before projecting back to the
entorhinal cortex. Theoretical investigations have shown that this transformation through a
succession of feedforward and recurrent networks is well suited to the encoding and retrieval of
memories in neural structures (Marr, 1971; McNaughton and Morris, 1987; Treves and Rolls, 1994;
Lengyel et al., 2005).

The dentate gyrus and CA3 subfields are central to these processes. Dentate gyrus granule cells
project to recurrently connected CA3 pyramidal cells and this microcircuit (Figure 1) has been
shown to contribute to learning contexts (McHugh et al., 2007; Kheirbek et al., 2013) and detecting
novelty (Hunsaker et al., 2007, 2008), which are key requirements for episodic and recognition
memory. However, encoding and retrieval engage distinct processes as demonstrated by evidence
that contralateral lesions to dentate gyrus and CA3 impaired encoding, but not retrieval in a spatial
maze learning task relative to ipsilateral lesioned and unlesioned animals (Jerman et al., 2006) whilst
damage to direct entorhinal-CA3 inputs impairs retrieval but not encoding (Lee and Kesner, 2004).
These and other data support a long held hypothesis of a double dissociation in encoding and
retrieval pathways to CA3 (Treves and Rolls, 1994).

Episodic memories are thought to be encoded in CA3 by the distribution of synaptic
efficacies derived through activation of long-term synaptic plasticity mechanisms by correlated
spiking (Hebb, 1949; Mishra et al., 2016). These distributions of synaptic weights form sparse
orthogonalized cell assemblies that are reactivated during memory retrieval with high precision
even with partial or corrupted cues (O’Reilly and McClelland, 1994), and retain sufficient flexibility
to allow memory sequences to be retrieved when required (Lisman, 1999). Together, encoding and
retrieval is supported by the processes of pattern separation and completion, where separation
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FIGURE 1 | Circuit schemas for DG-CA3 microcicuit. (A) Detailed
schematic showing approximate locations of synaptic connections to CA3
pyramidal cells and differences in axon terminals. (B) Simplified schematic
showing feedforward and recurrent circuits with feedforward and feedback
inhibition.

refers to a decrease in output correlation relative to the input and
supports optimal encoding, and completion refers to an increase
in output correlation relative to the input and supports precise
retrieval (O’Reilly and McClelland, 1994; Fuhs and Touretzky,
2000; Nolan et al,, 2011). Although theories have often posited
that the dentate gyrus performs pattern separation and CA3
performs pattern completion (O’Reilly and McClelland, 1994),
more recent experimental evidence suggests that both subfields
can perform both functions (Leutgeb et al., 2007).

An important and often ignored component of memory
encoding and retrieval is the neuromodulatory influence of
acetylcholine (ACh), dopamine (DA), noradrenaline (NA),
and serotonin (5-HT). Each of these neuromodulators are
released in the hippocampus and have been suggested to
encode information pertaining to reward, novelty, salience, and
surprise, all of which are relevant for optimizing processes
involved in encoding and retrieval of information when
traversing an uncertain environment with limited computational
resources. To date there have been few theoretical efforts
to integrate the actions of neuromodulators in memory
encoding and retrieval. In this article, we propose potential
mechanisms through which encoding and retrieval can be
modulated by considering observed and putative effects on
cellular and synaptic properties throughout the DG-CA3
microcircuit.

2. CIRCUIT MECHANISMS FOR MEMORY
ENCODING AND RETRIEVAL IN THE CA3
REGION OF THE HIPPOCAMPUS

2.1. Dentate Gyrus Output and Function

The dentate gyrus (DG) consists of a large population (1,000,000
in rats; West et al.,, 1991) of tightly packed granule cells and
interneurons. Computational theories of hippocampal function
have argued that the connectivity and dynamics of this structure
lend themselves to efficient decorrelation of input from layer II of
entorhinal cortex, whereby strong lateral inhibition ensures very
few granule cells are allowed to fire at any given time, limiting
the possibility of interference between stimuli or events with
similar features by accentuating small differences (O’'Reilly and
McClelland, 1994; Leutgeb et al., 2007). Granule cells are often
observed to have low average firing rates, and bimodal firing
rate distributions with long periods of quiescence punctured
by very high frequency bursts (Jung and McNaughton, 1993;
Mistry et al, 2011). However, more recent studies provide
evidence for subpopulations of granule cells that fire with
more unimodal low frequency firing rates (Mistry et al., 2011),
with electrophysiological and functional differences between
populations found to correlate with maturity (Marin-Burgin
et al., 2012; Nakashiba et al., 2012; Danielson et al., 2016). Adult
born granule cells appear more excitable and less input specific
yet better suited to pattern separation, whilst mature granule cells
were found to be less excitable and more input specific yet better
suited to pattern completion supporting a role for the dentate
gyrus in both processes via separate populations of granule
cells.

2.2. Granule Cell Inputs to CA3 Pyramidal
Cells

Granule cell axons project sparsely to CA3 pyramidal cells (1
granule cell onto around 37 out of 300,000 pyramidal cells in
rats; West et al., 1991; Acsady et al., 1998) and more diffusely
to CA3 interneurons in the stratum lucidum. These axons,
referred to as mossy fibers due to prominent en passant and
large boutons, terminate onto CA3 pyramidal cells with large
thorny excrescences located on the proximal region of apical
and basal dendrites (Acsady et al,, 1998; Wilke et al., 2013).
These synapses possess 18-45 release sites and have enormous
capacity for vesicle storage (Wilke et al., 2013). They are also
noted for having low initial release probability but a wide time
window for presynaptic facilitation of a few milliseconds to
several seconds (Salin et al., 1996; Toth et al., 2000; Gundlfinger
et al., 2007). Sufficiently long, albeit realistic, bursts of granule
cell firing can elicit a presynaptic form of LTP that raises basal
release probability but reduces the range of presynaptic short-
term facilitation (Zalutsky and Nicoll, 1990; Salin et al., 1996;
Gundlfinger et al., 2007, 2010; Mistry et al., 2011). Collectively,
this means the synapse has huge capacity for gain control over
a wide range of input frequencies and has often been referred to
as a “conditional detonator” due to its ability to elicit spikes in
response to activity at a single synapse contingent on repeated
stimulation.
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2.3. Granule Cell Inputs to a Feedforward

Interneuron Population

Mossy fibers excite a diverse population of inhibitory
interneurons located in the stratum lucidum, forming synapses
via en passant boutons and small filopodia which protrude from
large boutons directly onto interneuron dendrites (Acsady et al.,
1998; Wilke et al., 2013), and this interneuron population has
been shown to contribute to precision of memory encoding and
retrieval (Ruediger et al., 2011; Restivo et al., 2015). Mossy fibers
excite 10 times more interneurons than pyramidal cells, thus
exerting strong widespread feedforward inhibitory control via a
disynaptic pathway that prevents runaway excitation and ensures
tight spike timing (Acsady et al., 1998; Mori et al., 2007; Torborg
et al., 2010; Trevifio et al., 2011).

However the identity and contribution of interneuron
subtypes to feedforward mossy fiber driven inhibition is
somewhat unclear. Szabadics and Soltesz (2009) identified ivy
cells, parvalbumin-positive (PV+) fast spiking basket cells, and
cholecystokinin-positive (CCK+) regular spiking basket cells as
key contributing interneurons, while Toth et al. (2000) found a
separation between interneurons with calcium permeable (CP) or
impermeable (CI) AMPA receptors. The overlap between these
subtypes in CA3 is unclear, but in other hippocampal regions
CP-AMPARSs are preferentially expressed on PV+ interneurons,
and CI-AMPARS on CCK+ interneurons (Nissen et al., 2010).
Characteristics of these cell types are summarized in Table 1.

These interneuron subtypes may perform distinct functional
roles. Although PV+ basket cells receive weak mossy fiber
input, they also receive a high rate of spontaneous excitation
that may tonically depolarize them such that weak fluctuations
are sufficient to synchronously activate a subset of their total
population to provide tight control of pyramidal cell spike
timing (Szabadics and Soltesz, 2009; Szabd et al., 2010; Torborg
et al, 2010). However, mossy fiber drive to the PV+ basket
cell network in CA3 can be vastly strengthened during learning
by increased filopodial growth from mossy fiber boutons onto
these interneurons (Ruediger et al., 2011; Donato et al., 2013).
On the other hand, CCK+ interneurons are excited by much
stronger mossy fiber input but release GABA asynchronously,
providing a tonic shunt, which may be reduced by release
of endocannabinoids from CA3 pyramidal cells caused by an
increase in spike frequency (Losonczy et al., 2004; Szabadics and
Soltesz, 2009; Szab¢ et al., 2010). Finally, ivy cells target more
distal portions of dendrites compared to basket cells and mossy
fibers, which may provide some compartmental isolation in favor
of mossy fiber transmission by suppressing the influence of
upstream dendritic activation by competing excitatory pathways.
These putative functional roles for interneuron subtypes are still
largely speculative and are key areas for investigation.

2.4. The CA3 Pyramidal Cell Network

Feedforward monosynaptic excitation and disynaptic inhibition
by mossy fiber input combine to selectively activate a small
subpopulation of CA3 pyramidal cells (Mori et al, 2004)
driving a transient phase coupling of DG-CA3 subnetworks
(Akam et al, 2012). Many researchers have proposed that
recurrent synapses amongst CA3 pyramidal cells endow the CA3
network with autoassociative and heteroassociative properties

(Marr, 1971; Treves and Rolls, 1994; Lisman, 1999; Bush
et al, 2010; Savin et al, 2014; Guzman et al, 2016) such
that ensembles of strongly associated CA3 pyramidal cells can
be reactivated when only a subset of their constituent CA3
pyramidal cells have been activated by external sources. This
mechanism is used to store and retrieve memories (Treves
and Rolls, 1994; Lisman, 1999; Bush et al., 2010) via NMDA
receptor (NMDAR)-dependent Hebbian plasticity (Nakazawa
et al., 2004; Nakashiba, 2008; Mishra et al., 2016) that encodes
memories as configurations of synaptic efficacies in the network,
and retrieves them by precisely timed reactivation of cell
ensembles stored as network motifs within these configurations.
Stability, precision, and efficiency of this mechanism amidst
uncertainty is supported by local oscillations that isolate
subnetworks and encode memories by phase, and through subtle
changes to intrinsic excitability of neurons during encoding and
retrieval (Kunec et al., 2005; Lengyel et al., 2005; Lengyel and
Dayan, 2007; Savin et al,, 2014). Since mossy fiber synapses
provide highly targeted sparse activation of subpopulations
of CA3 pyramidal cells they are believed by some to be
capable of driving both encoding and retrieval, by imposing
synchronization necessary for driving Hebbian plasticity between
CA3 pyramidal cells to establish ensembles (Kobayashi and
Poo, 2004; Brandalise and Gerber, 2014; Mishra et al., 2016).
Mossy fibers can also reactivate these CA3 ensembles at a later
timepoint by triggering a local cascade of transient ensemble
synchronization.

3. NEUROMODULATION OF DG-CA3
MICROCIRCUIT

3.1. Acetyicholine

3.1.1. Release and Receptors

Acetylcholine affects the dentate gyrus-CA3 microcircuit through
the activity of muscarinic and nicotinic ACh receptors, and is
delivered to the hippocampus by cholinergic cells projecting
from the medial septum. Cholinergic fibers innervate the stratum
oriens of CA3 and inner molecular layer of the dentate gyrus, and
thin fibers have been found to innervate the stratum lucidum and
hilar region (Kitt et al., 1994; Grybko et al,, 2011).

Four muscarinic receptor subtypes are expressed in the
hippocampus, but the main effects are driven through MI
and M2 receptors. M1 receptors are located on somatic and
dendritic membranes of dentate gyrus granule cells and CA3
pyramidal cells (Levey et al., 1995; Dasari and Gulledge, 2011;
Martinello et al, 2015), on mossy fibers (Martinello et al,
2015), and PV+ basket cells (Chiang et al., 2010; Yi et al.,
2014). These receptors couple to Gq proteins and stimulate the
phospholipase C signaling pathway to increase intracellular IP3
and DAG. M2 receptor expression has been found on stratum
lucidum interneurons, and PV+ basket cell axon terminals
(Levey et al., 1995; Hajos et al., 1998) and sparsely on CA3
pyramidal cells (Levey et al., 1995), coupling to Gi proteins that
reduce intracellular cAMP.

Nicotinic receptors are ligand gated cation channels with
different functions depending on their affinity for ACh,
desensitization kinetics, and permeability to calcium ions.
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TABLE 1 | Characteristics of mossy fiber feedforward interneuron-pyramidal cell plasticity in CA3.

Interneuron subtype Forms of interneuron-pyramidal cell plasticity

CI-AMPAR containing
(Maccaferri et al., 1998).
CP-AMPAR containing
(Pelkey et al., 2005).

Short-term facilitation of MF input (Toth et al., 2000). NMDAR-dependent LTD in response to high frequency stimulation via NMDARs

Voltage dependent short term facilitation of MF input (Toth et al., 2000). mGIuR7 -dependent LTD in response to high frequency stimulation

PV+ FSBC Weak short-term facilitation of mossy fiber input (Szabadics and Soltesz, 2009). Short-term depressing synchronous GABA release (Szabo
etal.,, 2010).

CCK+ RSBC Strongly short-term depressing mossy fiber input (Szabadics and Soltesz, 2009). Short-term facilitating GABA release (Szab¢ et al., 2010).
Asynchronous GABA release at high firing frequencies (Szabo et al., 2010).

Ivy Strong short-term depressing mossy fiber input. Dendritic targeting, dense axonal arborization (Szabadics and Soltesz, 2009).

Nicotinic receptors composed of five a7 subunits are widespread
in the hippocampus, and have a high permeability to calcium
ions, low affinity for nicotine, and undergo rapid desensitization.
a7 receptors have been found on DG and CA3 interneurons (Son
and Winzer-Serhan, 2008), on granule cell somas and dendrites,
and sparsely in the stratum radiatum and stratum lucidum
(Fabian-Fine et al., 2001). Furthermore, functional nicotinic
receptors are more likely to be expressed on immature granule
cells, and interneurons close to them (John et al., 2015). Although
expression appears to be sparse, functional a7 nicotinic receptors
have been detected in CA3 pyramidal cells, stratum lucidum
interneurons, and mossy fiber synapses (Radcliffe et al., 1999;
Frazier et al., 2003; Sharma and Vijayaraghavan, 2003; Sharma
et al., 2008; Grybko et al., 2010, 2011). The evidence for other
nicotinic receptor subtypes is less strong, although functional
a4p2 and a3P4 receptors have been found on interneurons in
CA1 (Jones and Yakel, 1997; McQuiston and Madison, 1999;
Alkondon and Albuquerque, 2001; but see Gahring et al., 2004;
Gahring and Rogers, 2008).

3.1.2. Muscarinic Effects on Cellular and Synaptic
Properties

Excitability of granule cells, CA3 pyramidal cells, and PV+
basket cells, is strongly modulated by muscarinic activity. M1
receptors increase excitability and lower spike threshold of
these cells by suppressing sAHP currents (Vogt and Regehr,
2001; Chiang et al, 2010; Dasari and Gulledge, 2011) and
Kv7 (Martinello et al., 2015), thereby increasing the gain on
any excitatory input. Furthermore, in CA3 pyramidal cells M1
receptors contribute to robust persistent firing following brief
depolarization by activation of calcium sensitive non-selective
ion channels (Jochems and Yoshida, 2013, 2015).

Muscarinic receptors also affect synaptic transmission in this
circuit. M1 receptors indirectly suppress recurrent glutamatergic
transmission between CA3 pyramidal cells, and GABAergic
transmission from CCK+ basket cells by stimulating the release
of endocannabinoids from pyramidal cells, mossy cells, and
granule cells to reduce presynaptic calcium influx and suppress
vesicle release via presynaptic CB1 receptors (Hasselmo et al.,
1995; Scanziani et al., 1995; Vogt and Regehr, 2001; Fukudome
et al., 2004; Hofmann et al., 2006, 2008; Hofmann and Frazier,
2010; Szabo et al., 2010). Furthermore, M2 receptors suppress
release from PV+ basket cells in DG and CA3 (Chiang et al,
2010; Szabo et al., 2010). These effects of muscarinic receptors

collectively dampen recurrent activity in CA3, leaving cell
dynamics to be driven primarily by feedforward and intrinsic
mechanisms (Hasselmo et al., 1995; Jochems and Yoshida, 2015).

The mossy fiber synapse is indirectly modulated by muscarinic
receptor activity. Due to increased granule cell firing frequency
mossy fiber synapses become stronger through frequency
facilitation (Vogt and Regehr, 2001). On the other hand, due to
increased interneuron firing frequency, build up of extrasynaptic
GABA concentration weakly suppresses mossy fiber synapses
through GABA-B receptor activation (Vogt and Regehr, 2001;
Chandler et al., 2003; Nahir et al., 2007). Additionally, since
extrasynaptic GABA can also help induction of mossy fiber LTP
and enhance transmission through modulation of calcium influx
by high affinity delta subunit containing GABA-A receptors
(Ruiz et al., 2010), the effect of extrasynaptic GABA may be
biphasic. Since these processes occur on different time scales,
it may be expected to see a transient indirect potentiation
of mossy fiber synapses, followed by suppression in response
to tonic muscarinic activity. These indirect effects on mossy
fiber plasticity can account for experiments suggesting a direct
effect of muscarinic receptors (Williams and Johnston, 1988,
1990).

M1 receptor activity has also been demonstrated to be
key to enabling Hebbian NMDAR-dependent LTP between
pyramidal cells in the hippocampus by inhibition of SK
channels to increase spine calcium influx (Miiller and Connor,
1991; Buchanan et al, 2010; Giessel and Sabatini, 2010).
This effect on synaptic plasticity has mainly been studied in
CAl, and some differences with CA3 have been found. For
example, CA3 pyramidal cells internalize more NMDARs in
response to increases in intracellular calcium concentration
through IP3 activation, which can induce LTD (Grishin et al,
2004, 2005). Additionally, muscarinic receptors have been
implicated in inhibitory depression onto pyramidal cells through
coactivation of presynaptic M2 and CB1 receptors that reduce
GABA release by activation of cAMP/PKA signaling pathways
(Ahumada et al, 2013). Notably, this form of plasticity was
induced by the same theta-burst stimulation protocol that
induces potentiation of glutamatergic synapses. However, this
is counterbalanced by a postsynaptic inhibitory potentiation
enabled by M1 receptors that causes an enhancement of
a5p8y2 GABA-A receptors influencing sensitivity to both
CCK+ and PV+ basket cells (Dominguez et al, 2014,
2015).
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3.1.3. Nicotinic Effects on Cellular and Synaptic
Properties

The functional role of nicotinic receptors in this circuit is less
clear cut. In CA3, a7 nicotinic receptors have small effects on
recurrent excitatory and inhibitory synapses onto pyramidal
cells, which complement muscarinic effects (Giocomo and
Hasselmo, 2005; Liotta et al., 2011; Fischer et al., 2014). In the
dentate gyrus, nicotine enhances LTP at medial perforant path
(mPP)-DG synapses through a7 receptors, and co-activation of
NMDA and mGluRS5 to activate the ERK-PKA signaling pathway
(Welsby et al., 2006, 2009; Ondrejcak et al., 2012). This LTP
is likely to be suppressed by local inhibition that is further
strengthened by nicotinic receptors (Frazier et al,, 2003), but
interestingly this may be opposed by recruitment of mossy cells
to provide a selective local excitatory boost that may be sufficient
to enable LTP amongst a smaller number of synapses (Hofmann
and Frazier, 2010).

A striking effect of nicotinic receptors within this circuit is
stimulation of action potential independent synaptic release. At
mossy fiber synapses, despite low expression seen in stratum
lucidum (Fabian-Fine et al., 2001), a7 receptor activity induces
bursts of action potential independent multiquantal release
by stimulation of calcium induced calcium release that is
sufficient to elicit postsynaptic action potentials (Sharma and
Vijayaraghavan, 2003; Sharma et al., 2008). Additionally, over
a longer time scale, activity of a7 receptors have been shown
to enhance mossy fiber release via PKA activation (Cheng and
Yakel, 2014). Action potential independent release stimulated by
nicotinic receptors has also been shown in interneurons, albeit
through a different mechanism. Tang et al. (2011) demonstrated
that a3p4 receptors induce GABA release at PV+ basket cell
synapses by activating T-type calcium channels and calcium
induced calcium release.

Nicotinic receptors may have a further role at mossy fiber
synapses. Structural plasticity of mossy fiber synapses through
growth of filopodia onto PV+ interneurons occurs during
contextual fear conditioning tasks (Ruediger et al., 2011), and
nicotinic receptors have been implicated in filopodial growth at
thalamic axon growth cones (Riidiger and Bolz, 2008). Since the
dentate gyrus continually integrates immature granule cells into
its population, these cells may possess machinery for nicotinic
mediated filopodial growth, which may be supported by greater
a7 expression in immature granule cells (John et al., 2015).

3.1.4. Summary

e Muscarinic receptors combine to directly increase cellular
excitability in granule cells, CA3 pyramidal cells, and
interneurons.

e Muscarinic receptors depress synaptic transmission at
inhibitory synapses and recurrent excitatory synapses.

e Muscarinic receptors lower requirements for Hebbian LTP
induction.

e Muscarinic receptors indirectly enhance and suppress mossy
fiber synapses over different time scales.

e Nicotinic receptors enable (mPP)-DG LTP.

e Nicotinic receptors can induce action potential independent
release at mossy fiber synapses.

3.2. Noradrenaline

3.2.1. Noradrenaline Release and Receptors
Noradrenaline is released into the hippocampus from locus
coeruleus (LC) projections, with strong direct innervation onto
granule cells and hilar mossy cells in the dentate gyrus, CA3
pyramidal cells, and PV+ interneurons in the stratum lucidum
(Hortnagl et al., 1991; Milner et al., 2000; Walling et al., 2012).
LC firing is tightly correlated with behavioral state, and novel or
emotive stimuli induce burst firing of LC neurons (Vankov et al.,
1995), with the nature and saliency of the experience influencing
the intensity and duration of firing (Sara, 2009).

NA influences hippocampal function through activation of
three classes of adrenoreceptors: al-, a2-, and B-ARs, all of
which are G-protein coupled: a1-ARs are coupled to Gq proteins
and increase intracellular IP3 and DAG; a2-ARs couple to Gi
proteins that inhibit adenylyl cyclase and reduce intracellular
cAMP; whereas -ARs stimulate Gs proteins that subsequently
activate adenylyl cyclase and increase intracellular cAMP. B-
ARs in CA3 show expression on cell membranes at somas and
proximal dendrites of pyramidal cells, and subcellularly in the
cytoplasm and nucleus (Jurgens et al., 2005; Guo and Li, 2007).
Pre- and postsynaptic expression has been reported in the dentate
gyrus on granule cells and interneurons (Milner et al., 2000),
with B1-ARs expressed in PV+ DG interneurons and p2-ARs
in NPY+ DG interneurons (Cox et al, 2008). In CA3, pBl-
AR expression has been found on CCK+ interneurons (Cox
et al., 2008). Although the functional effects of these receptors
on interneurons is severely understudied, the distinct cellular
expression profiles of these receptors suggest various modulatory
roles of B-ARs in inhibitory transmission.

3.2.2. Noradrenergic Effects on Cellular and Synaptic
Properties

The effects of NA on cellular excitability are fairly modest,
however NA typically hyperpolarizes and decreases the input
resistance of CA3 pyramidal cells and dentate gyrus granule cells.
Conversely, a small sub population also show depolarization and
increased input resistance (Madison and Nicoll, 1986; Lacaille
and Schwartzkroin, 1988; Ul Haq et al., 2012). These distinct
effects are mediated by a- and pB-ARs, respectively, with a p-
AR mediated reduction in resting K+ conductance likely causing
depolarization (Lacaille and Schwartzkroin, 1988). Since «a2-
AR activates Gi channels known to increase GIRK conductance
(Sodickson and Bean, 1996; Liischer et al, 1997), a2-AR
activity may explain the hyperpolarizing effect of noradrenaline
on hippocampal neurons, which reduces gain on excitatory
glutamatergic transmission.

In the dentate gyrus, both inhibitory and excitatory hilar
interneurons receive noradrenergic input (Milner and Bacon,
1989). In response to B-AR activation, both increase their firing
rates, and inhibitory interneurons also show an attenuated
sAHP (Bijak and Misgeld, 1995). al-AR and a2-AR activation
may attenuate discharges in inhibitory interneurons via
hyperpolarization mechanisms (Bijak and Misgeld, 1995).
The increased frequency of TTX-insensitive EPSPs and IPSPs
observed in granule cells suggest that -AR activation on both
hilar interneuron types acts to increase presynaptic GABA and
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glutamate release. Interestingly, mixed a- and B-AR activation
does not increase spontaneous discharge frequency, suggesting
that a-AR activity can counteract p-AR effects. This may result
from differing affinity to NA of each adrenoreceptor, meaning
that the synaptic concentration of NA determines the direction
of modulation via activation of distinct adrenoreceptor subtypes.
Indeed lower concentrations have been found to be excitatory,
whilst higher concentrations are inhibitory (Jurgens et al., 2005).
This seems strange given that p1 receptors have lower affinity
than a2-ARs (Ramos and Arnsten, 2007); however, this may be
due to the greater proportion of p-ARs available for binding.

B-ARs enhance both NMDAR-dependent LTP and mossy
fiber-LTP (Huang and Kandel, 1996; Gelinas, 2005). In the case
of NMDAR-dependent LTP, this effect seems to occur both pre-
and postsynaptically. Postsynaptically, -ARs have been found
to suppress SAHP currents, in turn increasing Ca’t influx in
granule cell and pyramidal cell synapses, reminiscent of M1
receptor effects (Madison and Nicoll, 1982; Haas and Konnerth,
1983; Haas and Rose, 1987; Pedarzani and Storm, 1993; Ul Haq
et al,, 2012). Furthermore, NA release during emotive stimuli
have been found to facilitate the induction of LTP at pyramidal
cell synapses by phosphorylation and subsequent trafficking of
GluR1 containing AMPARs (Hu et al., 2007). It should be noted
that in these LTP studies, adrenergic agonists were applied for
>20min, which may not correlate with NA levels following
transient LC burst firing during novel or emotional stimuli.
Burst activation of the LC has been shown to induce long-term
heterosynaptic facilitation at perforant path synapses, reliant
on P-AR activation (Walling and Harley, 2004). NA release
can outlast LC firing in novel environments (McIntyre et al.,
2002) and is regulated by presynaptic glutamate release onto
LC terminals (Wang et al, 1992) such that extracellular NA
release increases in response to perforant path high frequency
stimulation (Bronzino et al., 2001).

Activation of presynaptically located B-ARs within the dentate
gyrus at perforant path and mossy fiber terminals increases
glutamate release (Lynch and Bliss, 1986), which is thought
to be due to increased presynaptic calcium influx through
L- and N-type calcium channels (Gray and Johnston, 1987).
These presynaptic effects of B-ARs also enhance mossy fiber-LTP
(Hopkins and Johnston, 1984, 1988). PKA activation via 3-ARs is
critical for both early and late phases of mossy fiber-LTP (Huang
and Kandel, 1996) and pyramidal cell synapses (Gelinas, 2005;
Gelinas et al., 2008). This process is likely to be dependent on
phosphorylation of synapsin 1 and 2, both involved in the vesicle
release process (Parfitt et al., 1991, 1992).

Together, the effects of B-ARs appear to enhance disynaptic
entorhinal drive of CA3 via the dentate gyrus. Indeed, selective
NA fiber lesions via 6-OHDA treatment reduce perforant path-
DG LTP in vivo and in vitro (Bliss et al., 1983) and B-AR
activation converts sub-threshold mossy fiber-LTP tetanus to
supra-threshold (Huang and Kandel, 1996). Furthermore, this
does not appear to affect recurrent CA3 synapses and is not
influenced by GABA receptor activity (Huang and Kandel, 1996).
It is interesting to note that other neuromodulators capable of
raising intracellular cAMP, e.g., 5-HT, did not allow such LTP to
be expressed, indicating the possible involvement of additional
lateral signaling pathways.

Little research has addressed the role of «a-ARs in the
mossy fiber-CA3 microcircuit, however al-ARs do reduce CA3
pyramidal cell sensitivity to mossy fiber transmission, without
altering AMPAR sensitivity to glutamate (Scanziani et al., 1993)
suggesting a presynaptic locus of action. However, al-ARs
can also enhance evoked NMDAR responses (Segal et al,
1991). Furthermore, al-ARs appear to reduce basal release by
decreasing presynaptic Ca’* influx at mossy fiber-CA3 and
recurrent CA3 synapses, but enhancing paired-pulse facilitation
(Scanzianietal., 1993; Ul Haq etal., 2012). However, as with other
neuromodulators, this effect may be indirect.

3.2.3. Summary

o NA largely decreases cellular excitability in principal cells, but
occasionally increases excitability.

NA facilitates induction of Hebbian LTP.

NA enables mPP-DG LTP.

NA enhances mossy fiber synaptic transmission.

NA ensures persistence of LTP.

3.3. Dopamine
3.3.1. Dopamine Release and Receptors
Dopamine is released into the DG-CA3 microcircuit via
projections from the Ventral Tegmental Area (VTA) and
Substantia Nigra (SNc) (Gasbarri et al., 1994, 1997) and is
associated with rewarding or novel stimuli. DA may also be
released by noradrenergic fibers projecting from the locus
coeruleus (LC) where it is stored in these afferents as a
precursor (Smith and Greene, 2012) and DA antagonists can
block the functional effects of LC stimulation in the hippocampus
(Lemon and Manahan-Vaughan, 2012; Takeuchi et al., 2016).
Furthermore, since DA reuptake transporters do not appear to
be widely expressed in the hippocampus (Kwon et al., 2008), low
levels of DA release could lead to extended periods of signaling.
DA receptors can be classified into two classes and five
subtypes. D1 and D5 (DI1-like) receptors that act to increase
adenylate cyclase and cAMP, and D2-4 (D2-like) that decrease
adenylate cyclase and cAMP (Missale et al, 1998). With
developments in creating lines of transgenic mice, it has been
easier to determine which cell types express particular subtypes.
In the DG-CA3 microcircuit, D1 receptors are expressed on
mature granule cells and CA3 interneurons (Gangarossa et al.,
2012; Sarifana et al,, 2014), while D5 is expressed on CA3
pyramidal cells and DG granule cells (Sarifiana et al., 2014).
Meanwhile, D2 receptors have been shown to be expressed
strongly on hilar mossy cells and sparsely on CA3 interneurons,
including PV+ basket cells and NPY+ ivy cells (Gangarossa
et al., 2012; Etter and Krezel, 2014; Puighermanal et al., 2015).
Overall, DA receptors are expressed more strongly in DG than
CA3 (Ginsberg and Che, 2005), leading to the proposal that
dopaminergic modulation of hippocampal function is primarily
mediated by changes to DG function.

3.3.2. Dopaminergic Effects on Cellular and Synaptic
Properties

Evidence for effects of DA on cellular excitability in this circuit
is limited. D1 receptor activity in dentate gyrus granule cells
mediate enhancement of after-depolarization increasing the
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likelihood of bursts (Hamilton et al., 2010). Although typically
inhibitory, D2 receptors increase excitability of hilar mossy cells
through inhibition of SK3 channels (Etter and Krezel, 2014).
This selective enhancement of mossy cell transmission may
increase recurrent activity in the dentate gyrus, particularly along
the dorso-ventral axis, which may be important for sequence
learning.

Basal mossy fiber transmission is enhanced by D1/D5
receptor activation, and paired pulse facilitation is reduced
(Kobayashi et al., 2006; Kobayashi and Suzuki, 2007) indicating
a presynaptic action dependent on intracellular cAMP elevation
(Tzounopoulos et al., 1998). However, Gangarossa et al. (2012)
found no evidence of D1 receptors on mossy fiber boutons,
possibly suggesting heterosynaptic spillover-mediated facilitation
via presynaptic and extrasynaptic GABA-A, GABA-B, and
kainate receptors (Vogt and Regehr, 2001; Chandler et al., 2003;
Contractor et al., 2003; Ruiz et al., 2010).

Dopaminergic transmission may also influence inhibition in
this circuit. Tonic enhancement of feedforward inhibition via
D4 receptors has been reported in DG and CA1 interneurons
(Romo-Parra et al., 2005; Rosen et al., 2015) although this may
not be present in CA3 interneurons. However, D1/D5 activation
has been found to enhance PV+ basket cell plasticity in CA3,
which was further shown to be necessary for consolidation of new
memories (Karunakaran et al., 2016).

A key component of the effect DA has on the DG-
CA3 microcircuit is on plasticity in the mPP input to DG,
primarily mediated through D1 receptors. Hamilton et al. (2010)
demonstrated that increased dendritic excitability mediated by
D1 activity facilitated induction of LTP in mPP-DG synapses, and
Yang and Dani (2014) found that D1/D5 agonism alters STDP
to convert pre-post intervals from depressing to potentiating,
biasing the synapse toward potentiation overall and broadening
the time window of STDP via inhibition of A-type KT channels.
Dopaminergic activity also appears to ensure the persistence
of LTP. Sarinana et al. (2014) showed a deficit in late-LTP
at this synapse in anesthetized D1 and D5 knockout mice,
and D1/D5 activation can prevent low frequency stimulation
induced depotentiation (Kulla and Manahan-Vaughan, 2000).
This is similar to the effect of combined al- and B-AR
activation observed in CA1l (Katsuki et al., 1997). Furthermore,
D1/D5 antagonism has been found to prevent the persistence
of LTD at this synapse (Wiescholleck and Manahan-Vaughan,
2014) indicating that the effects of DA may be to promote
persistence of plasticity regardless of sign. Collectively, DA-
dependent synaptic plasticity facilitates the recruitment of
larger ensembles of granule and pyramidal cells in context
learning as shown by c-fos expression (Sarifnana et al,
2014).

3.3.3. Summary

e DA enhances mossy cell excitability.

DA enables mPP-DG LTP induction.

DA enhances mossy fiber synaptic transmission.
DA facilitates inhibitory plasticity.

DA ensures persistence of LTP.

3.4. Serotonin

3.4.1. Serotonin Release and Receptors

The hippocampal formation receives serotonergic innervation
from the median and dorsal raphe nuclei (MRN and DRN
respectively) of the rostral serotonergic raphe system (Tork,
1990; Gulyds et al., 1999; Leranth and Hajszan, 2007). Axons
of the MRN 5-HT neurons (M fibers) are thick with large
irregular varicosities, and make classical synaptic connections.
These innervate the hippocampus on its entire dorso-ventral axis,
terminating in the subiculum, stratum lacunosum-moleculare in
CA1-CA3, stratum radiatum and oriens in CA2 and CA3, and
in the polymorphic layer of the dentate gyrus. 5-HT neurons
in the DRN send an extensively ramified, diffuse system of
thin axons with many spindle-like varicosities (D-fibers) that
mostly innervate the stratum lacunosum-moleculare and the
polymorphic layer of the dentate gyrus. Delivery of 5-HT to the
hippocampus depends on the firing of serotonergic cells, which
have been found to fire at a constant 3 Hz rate during quiet wake,
but increase two to five-fold during repetitive motor activity,
e.g., running, and fall largely silent during REM sleep and in the
presence of novel attention-orienting stimuli (Jacobs and Fornal,
1999), however local raphe circuits may interact to deliver 5-HT
to regions of the brain at different volumes.

There are currently at least 14 known distinct subtypes of
5-HT receptor, of which all are G protein coupled except 5-
HT3 (Barnes and Sharp, 1999; Millan et al., 2008; Berumen
et al., 2012), with many of them found to be functionally
expressed in the DG-CA3 microcircuit. 5-HT1 receptor types
couple to Gi/o proteins that inhibit adenylate cyclase and
cAMP synthesis, and one important subtype (5-HT1A) is highly
expressed somatodendritically on CA3 pyramidal cells, dentate
granule cells, and PV+ interneurons (Pazos et al., 1985; Andrade
et al., 1986; Chalmers and Watson, 1991; Aznar et al., 2003). 5-
HT2A and 5-HT2C receptors couple via Gq/11 to the IP3/PLC
signaling pathway, and have been found on granule cells,
pyramidal cells, and interneurons in DG and CA3 (Li et al,
2004; Bombardi, 2012). 5-HT4 and 5-HT7 receptors couple to
Gs proteins and promote cAMP synthesis, with both expressed
on granule cells and pyramidal cells, and 5-HT7 receptors
specifically on CA3 pyramidal cells (Vilaré et al., 1996, 2005;
Suwa et al., 2014); however, expression of 5-HT4 decreases during
memory consolidation (Manuel-Apolinar et al., 2005). Finally, 5-
HT3 receptors are ligand gated non-selective cation channels that
belong to the same superfamily as nicotinic, GABA, and glycine
receptors, and have been found on CCK+ basket cells, providing
a fast depolarizing inward current (Freund et al., 1990; McMahon
and Kauer, 1997; Gulyas et al., 1999).

3.4.2. Serotonergic Effects on Cellular and Synaptic
Properties

5-HT1A receptors mediate a strong hyperpolarizing effect of 5-
HT on granule cells and pyramidal cells through activation of
GIRK channels (Andrade and Nicoll, 1987; Beck et al., 1992;
Okuhara and Beck, 1994; Piguet and Galvan, 1994; Twarkowski
et al.,, 2016; Ul Haq et al., 2016), reducing firing frequency, and
dampening gamma oscillations (Twarkowski et al., 2016). This
hyperpolarization is opposed by activation of 5-HT4 receptors on
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pyramidal and granule cells, and 5-HT7 receptors on pyramidal
cells that inhibit SAHP currents to increase firing frequency
(Bacon and Beck, 2000). Collectively, findings from in vitro
pharmacology studies suggest that the net effect of 5-HT in
CA3 is widely inhibitory, but 5-HT also influences neuronal
gain whereby weak excitatory stimuli are suppressed and strong
excitatory stimuli are enhanced (Andrade et al., 1986; Beck et al.,
1992; Villani and Johnston, 1993). In the dentate gyrus however,
the distribution of 5-HT1A receptors along granule cell dendrites
induces a shunting inhibition that blocks lateral PP over medial
PP input (Nozaki et al., 2016). It is important to note that the
balance of hyperpolarizing and depolarizing effects of 5-HT will
depend on the local concentration of 5-HT available given the
varying density and affinity of receptors.

The effects of 5-HT on synaptic transmission have been
somewhat contradictory. Some studies have found that 5-HT
prevents the induction of NMDAR dependent LTP (Villani and
Johnston, 1993) due to the hyperpolarizing effect on pyramidal
cells. However, when administered at concentrations that do
not hyperpolarize cells 5-HT4 receptor activation is found to
prevent mPP-DG LTD and curtail established LTP (Twarkowski
et al., 2016). Furthermore, release of endogenous 5-HT via
MDMA application has been found to facilitate LTP induction
(Mlinar et al., 2015). 5-HT2 receptors have also been found
to mediate synaptic facilitation via a PLC pathway by pre-
or postsynaptic mechanisms, but this may also be occluded
by an increase in GABAergic synaptic activity that diffuses
extrasynaptically to tonically inhibit this effect (Zhang and
Stackman, 2015). Altogether, it is highly unclear what the
likely effect of endogenously released 5-HT under naturalistic
conditions is likely to have on the induction of long term
plasticity.

At the mossy fiber synapse, 5-HT4 activation has been found
to prevent both LTP and LTD at 5-HT concentrations that
do not hyperpolarize cells. Earlier studies also found that 5-
HT3 receptor activity prevents mossy fiber LTP (Maeda et al,,
1994), which is likely due to recruitment of CCK+ basket cells
that fire asynchronously to tonically inhibit CA3 pyramidal
cells. Furthermore, 5-HT1A and 5-HT4 receptors modulate
mossy fiber synaptic transmission, as the NMDAR-mediated
EPSC components are enhanced by 5-HT4 activity, and are
concurrently mildly suppressed by a longer lasting 5-HT1A effect
(Kobayashi et al., 2008).

3.4.3. Summary

e 5-HT is principally hyperpolarizing.

5-HT can both enhance or suppresses Hebbian LTP.

5-HT suppresses IPP-DG synapses.

5-HT can both enhance or suppress mossy fiber transmission.

4. IMPLICATIONS FOR THEORIES OF
NEUROMODULATION AND MEMORY
ENCODING AND RETRIEVAL

Theories and computational models of memory encoding
and retrieval in the hippocampus often compromise between
incorporating features of observed behavior (top-down) either

as memory task performance or network dynamics, and circuit
dynamics at the cellular level (bottom-up) in terms of excitability
of cellular membranes and synaptic plasticity. In this review
we have broadly outlined results on the latter components of
these theories. The net effect of neuromodulators is often difficult
to predict as receptor subtypes may have apparently opposing
effects, or may take place over distinct time scales. As such, the
net effects and implications for encoding and retrieval are ideally
placed for investigation through computational modeling. In this
section, we review computational models of DG-CA3 network
function in encoding and retrieval that have incorporated
features of neuromodulation, and discuss how these models can
be adapted and extended to include multiple neuromodulatory
systems or incorporate further features of excitability and
plasticity that have received little theoretical treatment. In
particular, since cholinergic neuromodulation has received the
most extensive consideration, but shares many mechanisms of
action with other neuromodulatory systems, it will be used as
a starting point to suggest how other neuromodulators may
influence encoding and retrieval through changes to excitability
and plasticity.

4.1. Encoding: Learning Conditions

Several theories argue that ACh is essential for learning new
informations patterns through a variety of mechanisms. One
family of theories inspired by Marrs theory of archicortex
(Marr, 1971) propose that ACh selectively enhances information
flow through DG-CA3 to decorrelate and sparsify entorhinal
information, reducing interference during encoding (Hasselmo,
2006; Hummos et al., 2014). However, others have proposed
that through enhancement of the power of theta and gamma
rhythms, ACh opens tightly controlled windows for spike timing-
dependent plasticity (STDP) driven by either afferent input to
form associations (Kunec et al., 2005; Bush et al., 2010; Jochems
and Yoshida, 2015). Furthermore, ACh also increases excitability
which favors pre- and postsynaptic burst firing necessary to
activate STDP (Bush et al., 2010; Jochems and Yoshida, 2015;
Saravanan et al., 2015).

NA may play a similar role as ACh by creating an
environment ripe for encoding through the actions of f-
ARs, since they similarly suppress sSAHP currents that lowers
the induction threshold for NMDAR-dependent plasticity and
enhance excitability in a subpopulation of neurons (Madison
and Nicoll, 1982; Pedarzani and Storm, 1993; Gelinas, 2005;
Ul Haq et al, 2012). However, in contrast with ACh, this
enhancement in excitability is not as widespread providing a
more conservative encoding system. Likewise, although 5-HT
may help to induce synaptic plasticity through 5-HT2, 5-HT4,
or 5-HT7 receptors, due to common signaling pathways, some
coordinated disinhibition or relief from strong hyperpolarization
may need to take place to permit this, making any learning
via 5-HT even more conservative. DA on the other hand,
may have a similarly liberal encoding system to ACh, albeit
restricted to dentate gyrus granule cells where expression of DA
receptors is greatest (Hamilton et al., 2010), and may confer the
ability to encode delayed associations by broadening the STDP
window to include potentiating post-pre pairs (Yang and Dani,
2014).
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Much of our knowledge about synaptic plasticity is inferred
from studies using prolonged high frequency stimulation,
although STDP is thought to be a more biologically realistic
stimulation paradigm. Since the key trigger for synaptic plasticity
is calcium influx into postsynaptic spines, understanding how
neuromodulators gate this process via control of nanodomain
calcium concentration to trigger common calcium dependent
signaling pathways (Buchanan et al., 2010; Giessel and Sabatini,
2010; Griffith et al., 2016; Tigaret et al., 2016) will be critical to
provide a better understanding of encoding under biologically
relevant conditions.

4.2. Encoding: Novelty Detection

The hippocampus favors the encoding of neuronal ensembles in
novel situations and neuromodulators are proposed to achieve
this encoding by reducing the threshold for novelty detection. A
recent model proposed a mechanism in which novelty is detected
via the relative timing of DG and CA3 firing, i.e., if CA3 fires
before DG then the stimulus is familiar so no learning should
take place (Nolan et al., 2011). In this scenario, ACh and DA
lower the threshold for novelty detection by selectively enhancing
the EC-DG-CA3 pathway, thereby speeding up transmission
and triggering encoding more often (Nolan et al., 2011). This
theory is supported by the finding that CA3 pyramidal cells
can activate a disinhibitory circuit via the lateral septum to
promote DA release from the VTA (Luo et al., 2011). Similarly,
earlier models of novelty detection proposed that new patterns
would be filtered out by the dentate gyrus, reducing CA3 firing
and promoting ACh release by disinhibiting the medial septum
(Meeter et al, 2004). Conversely, when 5-HT is introduced,
the hyperpolarizing effect of 5-HT1ARs dominates information
flow in this circuit, and raises the novelty detection threshold
(Meeter et al., 2006). Finally, NA may increase or decrease novelty
detection thresholds due to the mixture of hyperpolarization and
enhancement of the EC-DG-CA3 pathway.

4.3. Information Flow

It is useful to consider how the effects of neuromodulators on
excitability and plasticity relate to gain modulation and signal-to-
noise ratio through the combined action of GIRK enhancement
and sAHP suppression. Each of the neuromodulators act
through these potassium channels to regulate excitability and
this balance is important for understanding how information
flows through this circuit in different configurations. Through
inward rectification, GIRK channel activation provides shunting
inhibition at rest that attenuates toward threshold, while sSAHP
current suppression increases firing frequency. Collectively, these
effects can be predicted to suppress weak synaptic input and
increase the gain on strong synaptic input, further increasing the
likelihood of bursts with strong synaptic input. This effectively
increases signal far above noise, and may facilitate propagation of
coordinated recurrent activity.

In contrast, ACh primarily suppresses sAHP currents
increasing the likelihood of spontaneous spiking across excitatory
and inhibitory cells thereby increasing both signal and noise,
which may effectively drown out competing streams of
information with noise. This may be a particular mechanism

through which strongly fluctuating afferent input, e.g., mossy
fibers or synchronous perforant path input, are favored over
weakly fluctuating inputs e.g., recurrent or asynchronous
perforant path input. For other neuromodulatory systems, 5-HT
may increase signal with respect to noise more weakly than NA
whereas DA may act similarly to NA, but with greater restriction
to the dentate gyrus as opposed to CA3 due to higher expression
of D1 receptors in dentate gyrus.

4.4. Autoassociation (Pattern Completion)
In theories proposing that ACh supports pattern separation, it
is often also proposed to suppress pattern completion due to
presynaptic inhibition of recurrent collaterals (Hasselmo, 2006;
Hummos et al., 2014). However, when incorporating the effects
of ACh on intrinsic excitability, pattern completion in CA3 is
actually more robust due to intrinsically driven bursting, despite
suppressed recurrent synapses (Jochems and Yoshida, 2015).
Furthermore, distal inhibition keeps burst propagation local,
allowing pattern completion amongst small networks (Saravanan
et al., 2015). Theta-driven models of retrieval in which encoding
and retrieval take place within one cycle of the theta rhythm,
propose that ACh enhances the theta rhythm and for half a
cycle disinhibits OLM cells that inhibit perforant path inputs to
CA3 pyramidal cells and render mossy fiber cued autoassociative
dynamics dominant (Kunec et al., 2005).

Alternative theories propose that pattern completion takes
place in the dentate gyrus, when mossy cells are activated
to provide feedback excitation (Lisman, 1999; Lisman and
Otmakhova, 2001). Granule cells have been shown to participate
in pattern completion (Leutgeb et al., 2007), and DA may have a
role in converting the dentate gyrus from pattern separation to
pattern completion mode by increasing the excitability of mossy
cells via D2 receptors (Etter and Krezel, 2014).

4.5. Retrieval: Heteroassociation

(Sequence Completion)
Some theories argue that the CA3 network plays a role in
sequence completion (Lisman, 1999), and that sharp wave
ripples, replay, preplay and phase precession are phenomena
resulting from sequence completion. Within this context, ACh
is proposed to suppress sequence completion since it suppresses
recurrent collaterals necessary for fast replay, and suppresses
AHP currents necessary to propagate signals unidirectionally
with bidirectional synapses (Saravanan et al., 2015).
Furthermore, in vitro sharp wave ripples are bidirectionally
influenced by NA via hyperpolarization of CA3 pyramidal cells
and activation of excitability-enhancing plasticity-inducing f-
ARs, meaning the spatial distribution of ARs may be important in
determining the precision of both encoding and retrieval (Ul Haq
etal., 2012). In contrast, ACh shifts ripple frequencies to gamma
frequencies (Fischer et al., 2014), indicative of a switch from
retrieval to encoding states. The effect of NA in this case is more
similar to 5-HT, which largely suppresses sharp wave ripples
through hyperpolarization induced by 5-HT1A receptors (Ul
Haq et al., 2016). DA enhances sharp wave ripple replay, partly
through plasticity of interneuron synapses (Miyawaki et al., 2014;
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Karunakaran et al.,, 2016). This suggests DA may push the DG-
CA3 system toward a retrieval dominated state of processing.

4.6. Conclusions and Future Directions
Modulation of excitability and plasticity within the DG-CA3
microcircuit by the neuromodulators described here is likely
to alter its function. In this review we have outlined known
mechanisms through which alterations can occur, and how
these may relate to encoding and retrieval. There are many
similarities between each type of neuromodulator and as such
their effects may well take place in different regions of the
same “state space.” Here we have proposed a system in
which each neuromodulator may favor encoding (ACh and
NA) or retrieval (DA and 5-HT), with greater likelihood of
false positives (ACh and DA) in a liberal state, and false
negatives (NA and 5-HT) in a conservative state. These effects
may take place through altering subthreshold integration and
filtering of inputs via distinct potassium channel conductances,
and selective augmentation of afferent synaptic pathways and
synaptic noise.

Certain aspects of neuromodulatory effects have yet to be
addressed in the dentate-CA3 microcircuit, for example, the
shared role of NA and DA in ensuring the persistence of LTP
at the mPP-DG synapse (Straube and Frey, 2003; Hamilton
et al., 2010; Sarifana et al., 2014). This may be necessary
to associate ensembles in sequence that are delayed over a
longer period of time, or could be necessary to cue re-encoding
and consolidation during subsequent retrieval. Likewise the
effects of neuromodulators on interneuron excitability, plasticity,
and function are rarely considered but are likely to be very
important. In many theories, inhibitory networks are designed
to produce a particular set of dynamics, introducing a heavy
bias. Since plasticity in inhibitory networks has been shown to be
sufficient to support encoding and retrieval in recurrent networks
by fine tuning of excitatory-inhibitory balance (Vogels et al,
2011), a greater understanding of the role of neuromodulators
within this framework could reduce such bias. For example,
the recent finding that inhibitory plasticity of PV+ basket cells
is enhanced by DI receptors during memory consolidation
(Karunakaran et al., 2016) may be through the enhancement
of gamma power that allows repeated efficient retrieval of
sequences.

Finally it is necessary to understand the spatio-temporal
release profile of neuromodulators under physiological
conditions to assess the validity of these theories. Much of our
current knowledge is through pharmacological manipulation of
excitability and plasticity in vitro, which may be well suited to
understanding the steady state effect of neuromodulators, but
is not so informative of dynamic neuromodulatory systems. For
example, Rosen et al. (2015) used optogenetic stimulation of
VTA and SNc terminals in the hippocampus to show biphasic
effects of DA receptors in CAl, with tonic release increasing
inhibitory drive by enhancing Schaffer Collateral excitation
of PV+ basket cells via D4 receptors and phasic release
increasing excitatory drive by enhancing Schaffer Collateral
excitation of pyramidal cells via D1/D5 receptors. Previously,

pharmacological activation of these receptors had been unable to
uncover this biphasic effect. Such control may also be expected
to be observed in the dentate gyrus given a similar distribution
of DA receptors.

It is very likely that control of the DG-CA3 circuit
by other neuromodulatory systems will also be sensitive to
neuromodulator release profile. Varga et al. (2009) demonstrated
that median raphe nuclei projections to the CAl and CA3
rapidly recruit a powerful inhibitory network via mixed
serotonergic-glutamatergic release that activates postsynaptic 5-
HT3 and glutamate receptors. Similarly, Grybko et al. (2011)
showed that low frequency electrical stimulation of cholinergic
fibers elicited fast nicotinic mediated depolarization of CA3
pyramidal cells and interneurons, which are typically occluded
by rapid desensitization of a7 receptors with bath application
of cholinergic agonists. The balance between muscarinic and
nicotinic control of circuit function may therefore vary with
the pattern of cholinergic delivery by the medial septum. High
frequency locus coeruleus fiber stimulation has also been shown
to modulate long-term depression and potentiation at mPP-DG
synapses via 3-AR activation, which may indicate that LC bursts
during emotive, arousing, or novel stimuli “opens the gate” for
mPP-DG plasticity (Hansen and Manahan-Vaughan, 2015a,b),
and may contribute to any role the dentate gyrus performs in
novelty detection.

Furthermore, neuromodulatory systems are known to interact
such that co-release or sequentially co-ordinated release may be
highly relevant to their circuit impact. For example, feedforward
and feedback control of neuromodulatory systems between the
habenula and the hippocampus has been shown with regards to
serotonergic downregulation and cholinergic upregulation of the
hippocampal theta rhythm (Aizawa et al., 2013; Goutagny et al.,
2013), and 5-HT4 agonists delivered to the medial septum can
increase ACh release to the hippocampus (Mohler et al., 2007).
In such cases similar effects may saturate or augment each other,
or opposing effects could cancel each other out. If there is a
coding system of uncertainty, novelty, and salience related to
these neuromodulators then these are likely represented through
a dynamic neuromodulatory profile, whose dissection remains a
fascinating topic of investigation.
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