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Abstract

Synaptic plasticity plays a central role in the study of neural mechanisms of learning and memory.
Plasticity rules are not invariant over time but are under neuromodulatory control, enabling behavioral
states to influence memory formation. Neuromodulation controls synaptic plasticity at network level by
directing information flow, at circuit level through changes in excitation/inhibition balance, and at
synaptic level through modulation of intracellular signaling cascades. Although most research has
focused on modulation of principal neurons, recent progress has uncovered important roles for
interneurons in not only routing information, but also setting conditions for synaptic plasticity.
Moreover, astrocytes have been shown to both gate and mediate plasticity. These additional
mechanisms must be considered for a comprehensive mechanistic understanding of learning and
memory.

Introduction

Learning and memory enable animals to continuously adapt to their environments. The cellular basis of
these adaptations is thought to be synaptic plasticity leading to changes in the functional connectivity of
neuronal networks in the brain. Following the seminal discovery of long-term potentiation (LTP) [1],
spike timing-dependent plasticity (STDP) [2] and behavioural timescale synaptic plasticity (BTSP) [3,4**]
have emerged as physiologically relevant forms of synaptic plasticity that are likely to be important for
learning and memory processes. However, synaptic plasticity is dynamic and varies with behavioral state.
Different behavioral states, such as sleep or awake state, and different behaviors, such as exploring an
environment or consuming a reward, are associated with release of different neuromodulators. Long-
range neuromodulators, such as acetylcholine and monoamines, bind to and activate G-protein-coupled
receptors which directly control the gating and polarity of synaptic plasticity through intracellular
signaling cascades [5,6]. Neuromodulators further exert control (1) at the neural network level by
directing information flow, (2) at the circuit level through excitation/inhibition balance determining
spike-timing patterns, and (3) at the synaptic level through modulation of astroglia.

This review focuses on modulation of synaptic plasticity in the hippocampus, a structure important for
spatial learning and memory [7]. Considering hippocampal processing during spatial navigation and
memory tasks, acetylcholine and dopamine are particularly relevant. We review evidence that these
neuromodulators guide information flow in neuronal circuits and coordinate spike-timing patterns to
efficiently store relevant memory traces. Direct effects of neuromodulators on intracellular signaling
pathways in neurons have been extensively reviewed elsewhere [8], and here we will focus on the
modulation of plasticity at the network and circuit levels and discuss the involvement of astroglia as part
of the ‘tripartite synapse’ [9] (Figure 1).



External neuromodulators control network states supporting different types of plasticity

Whenever an animal switches from one behavioral state to another (e.g. from sleep to wakefulness, or
from immobility to exploration) or receives an external salient stimulus (e.g. finding a reward), this shift
is correlated with changes in neuronal network activity, typically captured by local field potential (LFP) or
electroencephalographic (EEG) recordings. A classic example is the transition from slow-wave sleep to
wakefulness, when the cortical activity shifts from synchronous oscillations to an asynchronous state
[10]. Shifts in brain states are associated with the release of long-range neuromodulators, including
cholinergic and monoaminergic (histaminergic, noradrenergic, dopaminergic and serotonergic)
mediators. Acetylcholine has diverse effects on brain states depending on the site of release and the
receptor subtypes in the target neuronal population, and is generally associated with behaviors that are
adaptive to environmental stimuli, such as exploration [11]. Dopamine neurons are well established to
encode reward, while more recently they have additionally been suggested to transmit non-reward
signals related to novelty and other salient events [12].

The link between the release of neuromodulators and memory formation is not well understood. In an
influential model, it was suggested that hippocampal memory formation occurs in two stages. Memories
are initially encoded as a weak and transient synaptic potentiation during exploration of an environment
when hippocampal theta activity dominates. Subsequently, during awake immobility or slow wave sleep,
sharp wave ripple (SWR)-associated reactivation of neuronal activity induces LTP at hippocampal CA3-
CA1 synapses [13]. These two network states in the CA1 area of the hippocampus rely on neuronal input
from distinct regions, occur temporally separated, and are mutually exclusive. Theta-gamma oscillations,
which occur during exploration, are associated with cholinergic activity. Acetylcholine binds to two types
of receptor, ionotropic nicotinic receptors and metabotropic muscarinic receptors, which are coupled
either to Gqg proteins (M1, M3, and M5 subtypes), which activate phospholipase C, or Gi/o proteins (M2
and M4 subtypes), which couple negatively to adenylyl cyclases [11]. In the hippocampus M1 is present
at high levels, followed by M3, which is found at moderate levels, whereas M2 is found at much lower
densities. M1-class receptors are predominantly located on somato-dendritic membranes of neurons.
Their activation leads to membrane depolarization and increases in cellular excitability through several
different mechanisms, and they are required for induction of gamma oscillations (25—-80 Hz; [14] Fisahn
A et al., 2002). M2 subtype receptors are often located on presynaptic axon terminals (for a review see
[15] ). Optogenetic activation of cholinergic neurons in the medial septum in vivo suppresses CA1 ripple
oscillations through M2 and M4 muscarinic receptors [16*]. Theta-gamma oscillations require input from
the medial entorhinal cortex, an area providing sensory information. Its silencing abolishes extracellular
theta-gamma currents in CA1, while firing rates remain largely unaffected [17**]. Conversely, silencing
inputs from CA3, thought to mediate internal representations, decreases firing of CA1 neurons but
leaves theta currents intact [17**]. By way of enhancing gamma oscillations [18], acetylcholine may set
appropriate time windows for STDP, a mechanism suitable for the initial encoding of memories when an
animal explores an environment. SWRs, which are associated with burst activity in hippocampal neurons
[13,19], might then consolidate those initial memory traces through induction of LTP, although during
sleep, SWRs were reported to downregulate synaptic weights overall [20]. SWRs occur during low-
cholinergic states. Interestingly, rewarded outcomes, which are associated with activity in dopamine
neurons, enhance SWR-associated reactivation events [21,22] and activation of dopamine neurons
promotes hippocampal reactivation and spatial memory persistence [23], enabling actions leading to



rewarding outcomes to be stored in memory, although it is unknown whether the action of dopamine is
in the hippocampus itself. Dopamine acts on two types of receptor. The D1-like receptors, including D1
and D5, are coupled to Gs-proteins, which activate adenylyl cyclases, and the D2-like receptors, which
include D2, D3 and D4, are coupled to Gi/o-proteins, which inhibit adenylyl cyclases.

Another recently discovered form of plasticity, BTSP [3], which may be bidirectional [4**], is induced
when synaptic inputs are active within 1-2 seconds of calcium plateau potentials, which are long-
duration dendritic calcium spikes of large amplitude. Plateau potential-induced plasticity, which has been
associated with an increased activity of neurons during subsequent SWRs [24], and strong single-cell
stimulation, possibly by triggering plateau potentials, can induce new place fields [24-26]. Generation of
place fields may not require synaptic plasticity, however, as subthreshold place fields in initially silent
cells can be unmasked by depolarizing current [27] or optogenetic stimulation [28**]. Moreover,
hippocampal activity represents many behaviorally important variables [29] and stores non-spatial
choice-related information [30]. A recent study that investigated the effect of blocking LTP by interfering
with AMPAR insertion in vivo suggested that rather than being required for spatial memory per se, LTP in
CA1 stores reward information, suggesting a role of dopamine modulation on learning and memory in
vivo [31**].

These recent findings are consistent with a two-stage model of memory formation [13].
Neuromodulation may add a further dimension to this model by informing the network about the
behavioral state and thereby prioritize salient information for memory storage (Figure 2).

Neuromodulators control plasticity by guiding information flow in the network

Neuromodulators have pathway-specific effects on synaptic transmission and thereby guide the
information flow at the circuit level. In the hippocampus, the major output region CA1 receives Schaffer
collateral (SC) input from hippocampal CA3 and temporoammonic (TA) input from the entorhinal cortex
(EC). These two CA1 inputs are crucial for memory formation and the balance between them depends on
acetylcholine and dopamine. Cholinergic agonists inhibit excitatory SC input more than TA input [32]. A
recent study using optogenetic stimulation of cholinergic fibers confirmed this finding; excitatory inputs
from both the entorhinal cortex and CA3 were depressed but stronger suppression of feedforward
inhibition in the TA pathway compared to the SC pathway resulted in a selective increase of E/I balance
in TA inputs. These effects were mediated by different interneuron subpopulations and muscarinic
receptor subtypes in the two pathways, M3 for TA inputs and M4 for CA3 inputs [33**]. Conversely,
application of dopamine, which is associated with reward and novelty in behavioral contexts, induces
strong suppression of TA inputs to CA1l in hippocampal slices, with little or no effect on SC input [34].
This led to the suggestion that dopamine favors information flow through the trisynaptic circuit via CA3,
while inhibiting the direct input from the EC, thus enhancing memory storage by increasing the relative
influence of CA3 [35] (Figure 2). More recent studies using optogenetic release of dopamine partly
support but also challenge this view. Optogenetic release of dopamine from ventral tegmental area
(VTA) inputs in the hippocampus had no effect on TA input, but induced an activity-dependent
modulation of SC input [36]. Low levels of dopamine release, simulating tonic VTA neuron firing,
depressed SC responses through enhancement of parvalbumin (PV) interneuron-mediated feedforward
inhibition. Higher levels of dopamine release, simulating phasic firing of VTA neurons, increased SC
responses through a D1 receptor—dependent enhancement of excitatory synaptic transmission [36].



However, fibers from the VTA mainly target stratum oriens and pyramidal layers and less the stratum
lacunosum-moleculare, where the TA inputs terminate, explaining the lack of a direct effect on those
inputs. Nevertheless, the projections from the VTA are not the only source of dopamine in the
hippocampus. Dopamine is also co-released with noradrenaline from locus coereleus (LC) fibers, which
are more spread out in the hippocampus than fibers from the VTA. Environmental novelty activates LC
neurons and leads to memory enhancement mediated by D1/D5 receptors independent of VTA
activation [37,38]. Interestingly, spatial reward learning and overrepresentation of place cells at the
reward location also requires LC fibers [39**]. In summary, release of acetylcholine in the hippocampus
favors information flow of inputs from TA over SC inputs by modulation of feedforward inhibition. This is
associated with explorative behaviors, where mediation of sensory input may be prioritized. In contrast,
dopamine is generally thought to favor information flow from SC compared to TA inputs. However, while
tonic release of dopamine from VTA inputs decreases SC inputs, phasic release enhances those inputs.
Similarly, phasic dopamine release from LC fibers increases information flow over CA3-CA1 connections.
The effect of dopamine release from LC fibres on TA inputs has yet to be investigated.

Neuromodulators affect inhibition coordinating spike-timing patterns

A balance of excitatory and inhibitory synaptic inputs is important for functional stability of neuronal
circuits. Inhibitory interneurons are important both for balancing excitation and controlling spike timing.
For example, SWRs in CA1 occur when increased excitation from CA3 (the sharp wave) results in
excitation of CA1 pyramidal cells and feedback inhibition from reciprocally-connected PV basket cells
create time windows of alternating pyramidal cell and interneuron firing, synchronized at ripple
frequency [40]. External neuromodulators often influence both excitatory and inhibitory synaptic
transmission and thereby reconfigure the E/I balance, which can result in emergence of spike-patterns
conducive to the induction of synaptic plasticity (Figure 3). Acetylcholine differentially affects different
interneuron types (for a review see [41]). Cholinergic input directly activates oriens lacunosum-
moleculare (O-LM) interneurons, and thereby regulates CA1 neuronal output [42]. Some types of
interneuron also express dopamine receptors [43], which can modulate their intrinsic properties and
synaptic transmission [44,45]. Deletion of D2 receptors from PV interneurons causes schizophrenia-like
phenotypes [46], suggesting important functional roles of dopaminergic modulation of interneurons.

On longer timescales, the physical architecture of the network is sustained through several homeostatic
cellular mechanisms, including long-term plasticity of GABAergic inhibitory synapses. While the cellular
mechanisms of plasticity at excitatory synapses have been well-studied, less is known about the plasticity
rules of inhibitory GABAergic synapses. Moreover, due to the extensive diversity of interneuron types
targeting specific membrane subdomains of both pyramidal neurons and other inhibitory interneurons
[47], it has been more challenging to establish a unified view of the role of inhibitory plasticity (for a
recent review see [48]). A recent study using single-cell retrograde tracing and 2-photon calcium imaging
in vivo revealed that activity in interneurons presynaptic to a place cell is lower when the animal
traverses a stable place field but not newly formed ones, suggesting that local circuit plasticity amplifies
spatial selectivity of CA1 neurons [49**]. The cellular basis underlying the changes at circuit level
observed in vivo are the synaptic plasticity rules, which vary between different interneuron types. In the
hippocampus, many PV interneurons target CA1 pyramidal neurons in the perisomatic region, whereas



somatostatin (SST)-expressing interneurons preferentially target dendrites. Both interneuron types
require coincident inhibitory input and pyramidal neuron depolarization for plasticity induction at
inhibitory synapses onto pyramidal cells. This plasticity requires T-type voltage-gated calcium channels
[50*]. However, PV and SST interneurons display distinct plasticity rules. A timing-dependent plasticity
protocol induced depression in PV interneuron synapses (PV-iLTD), while SST interneuron synapses were
potentiated (SST-ILTP). Interestingly, PV-iLTD increased the average spike probability of CA1 pyramidal
neurons when CA3-CA1 inputs were activated, with no effect on TA inputs. In contrast, SST-ILTP led to a
substantial reduction in CA1 spiking when the TA input was stimulated, with no effect on SC stimulation
[50%*].

Interneurons upstream of CA1 also show differential effects. Suppressing DG and CA3 PV interneurons
increased coupling from CA3 to CA1 but decreased coupling from entorhinal cortex to CA1; suppressing
SST interneurons had the opposite effect [51]. Long term plasticity in PV interneurons in CA3 depends on
local D1/5 dopamine receptor activation, resulting in enhanced sharp-wave ripples and long-term
memory consolidation [52]. Taken together, these findings highlight a central role of neuromodulation of
GABAergic neurons for spike patterns and plasticity.

Astrocytes as synaptic modulators of plasticity and their control by external neuromodulators

The core mechanisms that drive activity-dependent plasticity have long been thought to be exclusively
neuronal. However, recent studies have highlighted important roles of glial cells, and in particular of
astroglia, in the modulation of synaptic plasticity, neural circuits, and networks (for other recent reviews
of their roles in synaptic, computational, and behavioral functions, see [53-55]). Beyond their well-
documented metabolic functions, as part of the ‘tripartite synapse’ [9], astrocytes increase their
cytoplasmic calcium levels in response to synaptic signals, including endocannabinoids acting on CB1
receptors. This induces the release of neuroactive substances (‘gliotransmitters’) which in turn modulate
synaptic activity and plasticity. A recent super-resolution microscopy study identified a structural basis
for astrocytic calcium microdomains associated with individual synapses [56*]. There is strong evidence
that astroglia regulate D-serine and/or glycine availability as coagonist at NMDA receptors (NMDARs),
gating the induction of both LTP [57] and LTD [58]. Furthermore, hippocampal astrocytic D-serine release
appears to be important for cognitive flexibility [59](Koh et al., 2022). Whether astroglia themselves
release D-serine or they produce L-serine, which is converted to D-serine by the enzyme serine racemase
in neuronal compartments, is debated [60,61]. Complicating factors in interpreting astrocytic modulation
of NMDAR-dependent plasticity is that astrocytes themselves express NMDARs [62*] and that their
involvement changes during development [63*]. The role of astrocytes in plasticity is not limited to the
induction but may also be involved in expression of plasticity. It was recently shown that induction of LTP
prompts withdrawal of perisynaptic astroglia, boosting extrasynaptic glutamate actions [64*].
Conversely, astrocytes have a major role in the neuronal activity-dependent elimination of excitatory
synapses through astrocytic phagocytosis [65*].

The involvement of astroglia in modulation of plasticity appears to be important for learning and
memory, because astrocyte-specific genetic deletion of CB1 receptors impaired LTP and recognition
memory, both of which were completely rescued by elevation of D-serine levels [66]. Moreover, a recent

6



study showed that block of an astrocytic pathway required for LTD at CA3-CA1 synapses affects
contextual fear conditioning [67], whilst chemogenetic activation of astrocytes in the mouse CA1 area of
the hippocampus enhances fear learning [68]. These examples indicate that astroglial modulation of
plasticity is of behavioral relevance. Interestingly, astrocytes are themselves controlled by long-range
neuromodulators. Acetylcholine can activate astrocytic a7 nicotinic receptors causing an increase in
extracellular D-serine and enhanced synaptic NMDAR function influencing contextual fear conditioning
[69]. Astrocytes also respond to dopamine (for a review see [70]). In the hippocampus, dopamine
triggered a bidirectional calcium response in stratum radiatum astroglia, a D1/D2 receptor-dependent
elevation followed by a D2 receptor-dependent below-baseline decrease [71](Jennings et al., 2017).
Dopamine elicits cAMP increase in hippocampal primary astroglial culture [72](Hansson et al., 1984).
Directly increasing astrocytic cAMP is sufficient to facilitate memory formation in an object—location
memory task [73*]. These findings show that glia, which have been referred to as ‘the glue holding
memories together’ [74], are now considered important modulators of plasticity and learning. Whether
and how astrocyte stimulation by dopamine affects synaptic plasticity in the hippocampus in vivo is an
interesting question for future research.

Neuromodulators directly affect the outcome of plasticity and memory

Acetylcholine has been reported to facilitate both LTP and LTD [75] and is often thought to enhance the
contrast between these two forms of synaptic plasticity. Dopamine enhances LTP and has specifically
been related to protein-synthesis dependent late-phase LTP [76]. In hippocampal slices, while application
of acetylcholine biases STDP in SC inputs towards depression, subsequent dopamine application induces
potentiation [77]. Whilst the source of dopamine for reward learning in the hippocampus is unknown, it
has been shown that optogenetic dopamine release from LC fibers leads to LTP [37]. A computational
model showed that sequential neuromodulation of plasticity enables effective navigation in an
environment with changing reward locations, similar to natural behavioral settings [77]. Moreover, in a
behavioral learning task, a phase-specific effect of acetylcholine release was observed. While
optogenetic release of acetylcholine during navigation had no effect, its release at a goal location
impaired sharp wave ripple activity and spatial long-term and short-term memory [18,78]. Since
acetylcholine release depresses CA3 inputs [33**] and leads to decreased SWR activity [16*], this offers
a possible explanation for memory impairment upon cholinergic activation at inappropriate times. Whilst
more studies will be needed to fully understand the effect of acetylcholine and dopamine on
hippocampal-dependent learning, the findings summarized above support a two-stage model of memory
formation.

Future directions

While studies investigating effects of individual aspects of neuromodulation on plasticity are essential to
our understanding of learning and memory, these factors should not be viewed in isolation. Recent
technical developments, such as 2-photon calcium imaging in vivo, allow investigations of network
effects of neuromodulators in the context of behavioral learning and memory. Furthermore, optogenetic



tools enable studies of endogenous release of neuromodulators and their circuit-specific effects on
neuronal activity and plasticity. Computational models should take into account how plasticity rules are
affected by internal and external modulators [79]. Moreover, behavioral studies of learning and memory
need to take into account that plasticity rules show sex differences that may vary over development. A
recent study reported opposite changes in LTP and spatial learning in female and male mice during the
transition from prepubertal to postpubertal age [80]. With new techniques rapidly emerging the
prospects look good for substantial progress in our understanding of the neural mechanisms of learning
and memory.

Acknowledgments

The authors’ research is supported by the Biotechnology and Biological Sciences Research Council, U.K.



References

1. Bliss TV, Lomo T: Long-lasting potentiation of synaptic transmission in the dentate area of the
anaesthetized rabbit following stimulation of the perforant path. J Physiol. 1973, 232:331-56.

2. Bi GQ, Poo MM: Synaptic modifications in cultured hippocampal neurons: dependence on spike
timing, synaptic strength, and postsynaptic cell type. J Neurosci. 1998, 18:10464-72.

3. Bittner KC, Milstein A, Grienberger C, Romani S, Magee J: Behavioral time scale synaptic plasticity
underlies CA1 place fields. Science 2017, 357:1033-1036.

4.** Milstein AD, Li Y, Bittner KC, Grienberger C, Soltesz |, Magee JC, Romani S: Bidirectional synaptic
plasticity rapidly modifies hippocampal representations. Elife 2021, 10:e73046.
https://doi.org/10.7554/elife.73046.sa0.

The authors added bidirectionality to BTSP by showing that weak inputs potentiate and strong inputs
depress when activated close to a dendritic plateau potential.

5. Seol GH, Ziburkus J, Huang S, Song L, Kim IT, Takamiya K, Huganir RL, Lee HK, Kirkwood A:
Neuromodulators control the polarity of spike-timing-dependent synaptic plasticity. Neuron 2007,
55:919-29.

6. Zhang JC, Lau PM, Bi GQ: Gain in sensitivity and loss in temporal contrast of STDP by dopaminergic
modulation at hippocampal synapses. PNAS 2009, 106:13028-13033.

7. O'Keefe J, Krupic J: Do hippocampal pyramidal cells respond to nonspatial stimuli? Physiol Rev. 2021,
101:1427-1456.

8. Brzosko Z, Mierau SB, Paulsen O: Neuromodulation of Spike-Timing-Dependent Plasticity: Past,
Present, and Future. Neuron 2019, 103:563-581.

9. Araque A, Parpura V, Sanzgiri RP, Haydon PG: Tripartite synapses: glia, the unacknowledged partner.
Trends Neurosci. 1999, 22:208-215.

10. Renart A, de la Rocha J, Bartho P, Hollender L, Parga N, Reyes A, Harris KD: The asynchronous state in
cortical circuits. Science 2010, 327:587-90.

11. Picciotto MR, Higley MJ, Mineur YS: Acetylcholine as a neuromodulator: cholinergic signaling shapes
nervous system function and behavior. Neuron 2012, 76:116-129.

12. Bromberg-Martin ES, Matsumoto M, Hikosaka, O: Dopamine in motivational control: rewarding,
aversive, and alerting. Neuron 2010, 68:815-834.

13.** Buzsdki G: Two-stage model of memory trace formation: a role for "noisy" brain states.
Neuroscience 1989, 31:551-570.

This highly influential paper suggests a two-stage process of hippocampal memory formation, whereby
an weak and transient memory trace is initially laid down in CA3 during theta activity, which later during
sharp wave-ripples drives the persistent synaptic potentiation of CA3-CA1 synapses.

14. Fisahn A, Yamada M, Duttaroy A, Gan JW, Deng CX, McBain CJ, Wess J: Muscarinic induction of
hippocampal gamma oscillations requires coupling of the M1 receptor to two mixed cation
currents. Neuron 2002, 33:615-624.



15. Alger BE, Nagode DA, Tang AH: Muscarinic cholinergic receptors modulate inhibitory synaptic
rhythms in hippocampus and neocortex. Front Synaptic Neurosci. 2014, 6:18.

16.* Ma X, Zhang Y, Wang L, Li N, Barkai E, Zhang X, Lin L, Xu J: The firing of theta state-related septal
cholinergic neurons disrupt hippocampal ripple oscillations via muscarinic receptors. J Neurosci. 2020,
40:3591-3603.

This study showed that firing of medial septal cholinergic neurons is highly correlated with hippocampal
theta states during exploration and rapid eye movement sleep. Optogenetic activation of these neurons
during slow-wave sleep, a behavioural state not related to theta activity, suppressed ripple oscillations in
CA1, which did not occur in the presence of muscarinic M2 and M4 receptor antagonists.

17.** Zutshi |, Valero M, Fernandez-Ruiz A, Buzsaki G: Extrinsic control and intrinsic computation in the
hippocampal CA1 circuit. Neuron 2022, 110:1-16.

Optogenetic and pharmacogenetic tools were used to investigate the contribution of the medial
entorhinal cortex (mEC) and hippocampal CA3 to synchronised neuronal activity and place cells in CA1.
The authors found that silencing inputs from the mEC abolished theta and gamma oscillations in CA1,
while not affecting firing rates. Conversely, CA3 silencing decreased firing rates with no substantial effect
on theta and gamma oscillations. While these perturbations reconfigured the CA1 spatial map, the
presence of place cells still persisted even when both inputs were silenced.

18. Jarzebowski P, Tang CS, Paulsen O, Hay YA: Impaired spatial learning and suppression of sharp wave
ripples by cholinergic activation at the goal location. eLife 2021, 10:e65998. doi: 10.7554/eLife.65998

19. Diba K, Buzsaki G: Forward and reverse hippocampal place-cell sequences during ripples. Nat
Neurosci. 2007, 10:1241-2.

20. Norimoto H, Makino K, Gao M, Shikano Y, Okamoto K, Ishikawa T, Sasaki T, Hioki H, Fujisawa S,
Ikegaya Y: Hippocampal ripples down-regulate synapses. Science 2018, 359:1524-1527.

21. Singer AC, Frank LM: Rewarded outcomes enhance reactivation of experience in the hippocampus.
Neuron 2009, 64:910-921.

22. Ambrose RE, Pfeiffer BE, Foster DJ: Reverse Replay of Hippocampal Place Cells Is Uniquely
Modulated by Changing Reward. Neuron 2016, 91:1124-1136.

23. McNamara CG, Tejero-Cantero A, Trouche S, Campo-Urriza N, Dupret D: Dopaminergic neurons
promote hippocampal reactivation and spatial memory persistence. Nat. Neurosci. 2014, 17:1658-
1660.

24. Bittner KC, Grienberger C, Vaidya SP, Milstein AD, Macklin JJ, Suh J, Tonegawa S, Magee JC:
Conjunctive input processing drives feature selectivity in hippocampal CA1 neurons. Nat Neurosci
2015, 18:1133-1142.

25. Diamantaki M, Coletta S, Nasr K, Zeraati R, Laturnus S, Berens P, Preston-Ferrer P, Burgalossi A:
Manipulating hippocampal place cell activity by single-cell stimulation in freely moving mice. Cell Rep.
2018, 23:32-38.

26. Robinson NTM, Descamps LAL, Russell LE, Buchholz MO, Bicknell BA, Antonov GK, Lau JYN, Nutbrown
R, Schmidt-Hieber C, Hausser M: Targeted activation of hippocampal place cells drives memory-guided
spatial behavior. Cell 2020, 183:1586-1599.

27. Lee D, Lin BJ, Lee AK: Hippocampal place fields emerge upon single-cell manipulation of excitability
during behavior. Science 2012, 337:849-53.

10



28.*%* Valero M, Zutshi |, Yoon E, Buzsaki G: Probing subthreshold dynamics of hippocampal neurons by
pulsed optogenetics. Science 2022, 375:570-574.

Using short optogenetic pulses in behaving animals the authors probed subthreshold dynamics of
hippocampal neurons during sharp-wave ripples and theta oscillations. During sharp-wave ripples, while
excitatory neurons increase firing rates compared to inhibitory neurons, they found decreased light-
induced excitability during SPW-Rs, indicating a shift toward synaptic inhibition, but increased excitability
during theta.

29. Lee JS, Briguglio JJ, Cohen JD, Romani S, Lee AK: The Statistical Structure of the Hippocampal Code
for Space as a Function of Time, Context, and Value. Cell 2020, 183:620-635.

30. Zhao X, Hsu CL, Spruston N: Rapid synaptic plasticity contributes to a learned conjunctive code of
position and choice-related information in the hippocampus. Neuron 2022, 110:96-108.

31.*%* Kaganovsky K, Plitt MH, Yang R, Sando R, Giocomo LM, Ding JB, Siidhof TC: Dissociating encoding
of memory and salience by manipulating long-term synaptic potentiation. bioRxiv 2022,
https://doi.org/10.1101/2022.01.04.474865.

Knockdown of a postsynaptic SNARE complex eliminated hippocampal LTP by interfering with AMPAR
insertion, but did not affect accurate representations of space and produced only limited effects on
learning and memory, as shown by 2-photon Ca%" imaging in vivo. However, the authors found that LTP
in CAl in vivo is required for incorporation of salient information in memory.

32. Hasselmo ME, Schnell E: Laminar selectivity of the cholinergic suppression of synaptic transmission
in rat hippocampal region CAl: computational modeling and brain slice physiology. J. Neurosci. 1994,
14:3898-3914.

33.** palacios-Filardo J, Udakis M, Brown GA, Tehan BG, Congreve MS, Nathan PJ, Brown AJH, Mellor JR:
Acetylcholine prioritises direct synaptic inputs from entorhinal cortex to CA1 by differential
modulation of feedforward inhibitory circuits. Nat Commun 2021, 12:5475.
https://doi.org/10.1038/s41467-021-25280-5.

This study used optogenetic tools to investigate the effect of endogenous acetylcholine release on
synaptic transmission of entorhinal inputs via the TA pathway and CA3 via Schaffer collateral inputs. The
authors found that acetylcholine release enhances the relative weight of TA inputs over SC inputs
mediated through changes in feedforward inhibitory synaptic transmission.

34. Otmakhova NA, Lisman JE: Dopamine selectively inhibits the direct cortical pathway to the CA1
hippocampal region. J Neurosci. 1999, 19:1437-45.

35. Lisman JE, Grace AA: The hippocampal-VTA loop: controlling the entry of information into long-
term memory. Neuron 2005, 46:703-13.

36. Rosen Z, Cheung S, Siegelbaum S: Midbrain dopamine neurons bidirectionally regulate CA3-CA1
synaptic drive. Nat Neurosci 2015, 18:1763-1771.

37. Takeuchi T, Duszkiewicz AJ, Sonneborn A, Spooner PA, Yamasaki M, Watanabe M, Smith CC,
Fernandez G, Deisseroth K, Greene RW, et al.: Locus coeruleus and dopaminergic consolidation of
everyday memory. Nature 2016, 537:357-362.

38. Wagatsuma A, Okuyama T, Sun C, Smith LM, Abe K, Tonegawa S: Locus coeruleus input to
hippocampal CA3 drives single-trial learning of a novel context. PNAS 2018, 115:310-316.

39.** Kaufman AM, Geiller T, Losonczy A: A role for the locus coeruleus in hippocampal CA1 place cell
reorganization during spatial reward learning. Neuron 2020, 105:1018-1026.

11



Two-photon Ca?* imaging of CA1 pyramidal neurons and locus coeruleus (LC) axonal projections in the
hippocampal area was used to investigate the circuit mechanisms of place map representations of new
goal locations. The authors found increased activity in LC axons when an animal was near a new reward
location, which induced place cell overrepresentation at the goal location.

40. Stark E, Roux L, Eichler R, Senzai Y, Royer S, Buzsaki G: Pyramidal cell-interneuron interactions
underlie hippocampal ripple oscillations. Neuron 2014, 83:467-480.

41. McQuiston AR: Acetylcholine release and inhibitory interneuron activity in hippocampal CA1l. Front
Synaptic Neurosci. 2014, https://doi.org/10.3389/fnsyn.2014.00020.

42. Haam J, Zhou J, Cui G, Yakel JL: Septal cholinergic neurons gate hippocampal output to entorhinal
cortex via oriens lacunosum moleculare interneurons. PNAS 2018, 115:1886-1895.

43. Anastasiades PG, Boada C, Carter AG: Cell-type-specific D1 dopamine receptor modulation of
projection neurons and interneurons in the prefrontal cortex. Cereb Cortex 2019, 29:3224-3242.

44, Zhou FM, Hablitz JJ: Dopamine modulation of membrane and synaptic properties of interneurons in
rat cerebral cortex. J Neurophysiol 1999, 81:967-76.

45. Cousineau J, Lescouzeres L, Taupignon A, Delgado-Zabalza L, Valjent E, Baufreton J, Le Bon-Jégo M:
Dopamine D2-like receptors modulate intrinsic properties and synaptic transmission of parvalbumin
interneurons in the mouse primary motor cortex. eNeuro 2020, 10.1523/ENEURO.0081-20.2020.

46. Tomasella E, Bechelli L, Ogando MB, Mininni C, Di Guilmi MN, De Fino F, Zanutto S, Elgoyhen AB,
Marin-Burgin A, Gelman DM: Deletion of dopamine D2 receptors from parvalbumin interneurons in
mouse causes schizophrenia-like phenotypes. PNAS 2018, 115:3476-3481.

47. Freund TF, Buzsdki G: Interneurons of the hippocampus. Hippocampus 1996, 6:347-470.

48. Chiu CQ, Barberis A, Higley MJ: Preserving the balance: diverse forms of long-term GABAergic
synaptic plasticity. Nat Rev Neurosci 2019, 20:272-281.

49.** Geiller T, Sadeh S, Rolotti SV, Blockus H, Vancura B, Negrean A, Murray AJ, Rdzsa B, Polleux F,
Clopath C, et al.: Local circuit amplification of spatial selectivity in the hippocampus. Nature 2022,
601:105-109.

Monosynaptic retrograde tracing and single-cell optogenetic stimulation were used to investigate the
microcircuit dynamics of CA1 place cells during navigation. The authors found less activity in connected
presynaptic interneurons when the animal traverses a stable place field, but not a newly formed one,
and that optogenetic activation of a place cell recruits other functionally coupled pyramidal neurons. The
authors suggest that plastic reorganization in local circuits drives spatial selectivity of CA1l neurons.

50.* Udakis M, Pedrosa V, Chamberlain SEL, Clopath C, Mellor JR: Interneuron-specific plasticity at
parvalbumin and somatostatin inhibitory synapses onto CA1 pyramidal neurons shapes hippocampal
output. Nat Commun 2020, 11:4395. https://doi.org/10.1038/s41467-020-18074-8.

This study used optogenetics to study the role of parvalbumin (PV) and somatostatin (SST) interneurons
onto CA1 pyramidal neurons in long-term inhibitory synaptic plasticity in hippocampal slices. Inhibitory
PV synapses show iLTD, while SST interneurons undergo iLTP using a spike-timing dependent plasticity
protocol affecting output of CA1 pyramidal neurons.

51. Aery Jones EA, Rao A, Zilberter M, Djukic B, Bant JS, Gillespie AK, Koutsodendris N, Nelson M, Yoon
SY, Huang K, et al.: Dentate gyrus and CA3 GABAergic interneurons bidirectionally modulate signatures
of internal and external drive to CA1. Cell Rep. 2021, 37:110159.
https://doi.org/10.1016/j.celrep.2021.110159.

12



52. Karunakaran S, Chowdhury A, Donato F, Quairiaux C, Michel CM, Caroni P: PV plasticity sustained
through D1/5 dopamine signaling required for long-term memory consolidation. Nat Neurosci. 2016,
19:454-464.

53. Wang Y, Fu AKY, Ip NY: Instructive roles of astrocytes in hippocampal synaptic plasticity: neuronal
activity-dependent regulatory mechanisms. FEBS J. 2021, doi: 10.1111/febs.15878.

54. Kastanenka KV, Moreno-Bote R, De Pitta M, Perea G, Eraso-Pichot A, Masgrau R, Poskanzer KE, Galea
E: A roadmap to integrate astrocytes into Systems Neuroscience. Glia 2020, 68:5-26.

55. Kofuji P, Araque A: Astrocytes and behavior. Annu Rev Neurosci. 2021, 44:49-67.

56.* Arizono M, Inavalli VVGK, Panatier A, Pfeiffer T, Angibaud, Levet F, Ter Veer MIT, Stobart J,
Bellocchio L, Mikoshiba K, et al.: Structural basis of astrocytic Ca* signals at tripartite synapses. Nat
Commun. 2020, 11:1906. https://doi.org/10.1038/s41467-020-15648-4.

Using live-cell 3D-STED microscopy this study shows that astrocytes are in direct contact with individual
dendritic spines forming a functional component of tripartite synapses. Ca?* imaging revealed that the
astrocytic nodes form biochemical compartments and Ca?* microdomains.

57. Henneberger C, Papouin T, Oliet S, Rusakov DA: Long-term potentiation depends on release of D-
serine from astrocytes. Nature 2010, 463:232-236.

58. Andrade-Talavera Y, Duque-Feria P, Paulsen O, Rodriguez-Moreno A: Presynaptic spike timing-
dependent long-term depression in the mouse hippocampus. Cerebral Cortex 2016, 26:3637-3654.

59. Koh W, Park M, Chun YE, Lee J, Shim HS, Park MG, Kim S, Sa M, Joo J, Kang H, et al.: Astrocytes
render memory flexible by releasing D-serine and regulating NIMIDA receptor tone in the hippocampus.
Biological Psychiatry 2022, 91:740-752.

60. Neame S, Safory H, Radzishevsky I, Touitou A, Marchesani F, Marchetti M, Kellner S, Berlin S, Foltyn
VN, Engelender S, et al.: The NMDA receptor activation by D-serine and glycine is controlled by an
astrocytic Phgdh-dependent serine shuttle. PNAS 2019, 116:20736-20742.

61. Wong JM, Folorunso OO, Barragan EV, Berciu C, Harvey TL, Coyle JT, Balu DT, Gray JA: Postsynaptic
serine racemase regulates NMDA receptor function. J Neurosci. 2020, 40:9564-9575.

62.* Chipman PH, Fung CCA, Pazo Fernandez A, Sawant A, Tedoldi A, Kawai A, Ghimire Gautam S,
Kurosawa, Abe M, Sakimura K, et al.: Astrocyte GIuN2C NMDA receptors control basal synaptic
strengths of hippocampal CA1 pyramidal neurons in the stratum radiatum. Elife 2021, 10:e70818. doi:
10.7554/elLife.70818.

This study demonstrates a high expression of the GIuN2C NMDAR subunit in hippocampal astrocytes.
The authors suggest synaptic weight distribution of Schaffer collateral inputs may be regulated by a
feedback signaling mechanism involving astrocytic NMDARs, which may affect long-term synaptic
plasticity.

63.* Falcdn-Moya R, Pérez-Rodriguez M, Prius-Mengual J, Andrade-Talavera Y, Arroyo-Garcia LE, Pérez-
Artés R, Mateos-Aparicio P, Guerra-Gomes S, Oliveira JF, Flores G, et al.: Astrocyte-mediated switch in
spike timing-dependent plasticity during hippocampal development. Nat Commun. 2020, 11:4388.

This study describes a developmental switch in spike-timing dependent plasticity rules from t-LTD to a
form of t-LTP that is presynaptically expressed and mediated by astrocytes. The induction of this form of
t-LTP is independent of NMDARs but requires postsynaptic and astrocytic Ca?* signaling, and vesicular
gliotransmitter release.

13



64.* Henneberger C, Bard L, Panatier A, Reynolds JP, Kopach O, Medvedev NI, Minge D, Herde MK,
Anders S, Kraev |, et al.: LTP induction boosts glutamate spillover by driving withdrawal of perisynaptic
astroglia. Neuron 2020, 108:919-936.

This study used advanced imaging methods and an optical glutamate sensor combined with patch clamp
recordings to study the effect of LTP on perisynaptic astroglial processes (PAPs). They found PAP
withdrawal from potentiated synapses, leading to retreat of astroglial glutamate transporters and an
increase in extrasynaptic glutamate enhancing NMDAR-mediated cross talk among synapses.

65.* Lee JH, Kim JY, Noh S, Lee H, Lee SY, Mun JY, Park H, Chung WS: Astrocytes phagocytose adult
hippocampal synapses for circuit homeostasis. Nature 2021, 590:612-617.

This study reveals an important role for astrocytic phagocytosis in the activity-dependent elimination of
excitatory synapses. Interference with phagocytosis led to an accumulation of functionally impaired
synapses. This caused deficits in LTP and led to impairment of hippocampal-dependent memory
formation.

66. Robin LM, Oliveira da Cruz JF, Langlais VC, Martin-Fernandez M, Metna-Laurent M, Busquets-Garcia
A, Bellocchio L, Soria-Gomez E, Papouin T, Varilh M, et al.: Astroglial CB1 receptors determine synaptic
D-serine availability to enable recognition memory. Neuron 2018, 98:935-944.

67. Navarrete M, Cuartero Ml, Palenzuela R, Draffin J, Konomi A, Serra |, Colié S, Castafio-Castafio S,
Hasan MT, Nebreda AR, et al.: Astrocytic p38a MAPK drives NMDA receptor-dependent long-term
depression and modulates long-term memory. Nature Communications 2019, 10:2968.
https://doi.org/10.1038/s41467-019-10830-9.

68. Adamsky A, Kol A, Kreisel T, Doron A, Ozeri-Engelhard N, Melcer T, Refaeli R, Horn H, Regev L,
Groysman M, et al.: Astrocytic Activation Generates De Novo Neuronal Potentiation and Memory
Enhancement. Cell 2018, 174:59-71.

69. Papouin T, Dunphy JM, Tolman M, Dineley, KT, Haydon PG: Septal cholinergic neuromodulation
tunes the astrocyte-dependent gating of hippocampal NMDA receptors to wakefulness. Neuron 2017,
94:840-854.

70. Corkrum M, Araque A: Astrocyte-neuron signaling in the mesolimbic dopamine system: the hidden
stars of dopamine signaling. Neuropsychopharmacol. 2021, 46:1864-1872.

71. Jennings A, Tyurikova O, Bard L, Zheng K, Semyanov A, Henneberger C, Rusakov DA: Dopamine
elevates and lowers astroglial Ca2+ through distinct pathways depending on local synaptic circuitry.
Glia 2017, 65:447-459.

72. Hansson E, Ronnbéck L, Sellstrom A: Is there a "dopaminergic glial cell"? Neurochem Res. 1984,
9:679-689. doi: 10.1007/BF00964514.

73.* Zhou Z, Okamoto K, Onodera J, Hiragi T, Andoh M, lkawa M, Tanaka KF, Ikegaya Y, Koyama R:
Astrocytic cAMP modulates memory via synaptic plasticity. PNAS 2021, 118: e2016584118.
https://doi.org/10.1073/pnas.2016584118.

A transgenic mouse line was generated to optogenetically increase intracellular levels of cAMP in
astrocytes in vivo. The authors show that increased astrocytic cAMP induces synaptic plasticity and
modulates memory, facilitating memory formation but interfering with memory retention, mediated via
an astrocyte-neuron lactate shuttle.

74. Doron A, Goshen I: Glia: The glue holding memories together. Neuron 2020, 105:9-11.

14



75. Fernandez de Sevilla DF, Nufiez A, Bufio W: Muscarinic receptors, from synaptic plasticity to its role
in network activity. Neuroscience 2021, 456:60-70.

76. Frey U, Schroeder H, Matthies H: Dopaminergic antagonists prevent long-term maintenance of
posttetanic LTP in the CA1 region of rat hippocampal slices. Brain Res 1090, 522:69-75.

77. Brzosko Z, Zannone S, Schultz W, Clopath C, Paulsen O: Sequential neuromodulation of Hebbian
plasticity offers mechanism for effective reward-based navigation. Elife 2017, 6:€27756. doi:
10.7554/elife.27756.

78.ZhangY, Cao L, Varga V, Jing M, Karadas M, Li Y, Buzsaki G: Cholinergic suppression of hippocampal
sharp-wave ripples impairs working memory. PNAS 2021, 118:2016432118.
https://doi.org/10.1073/pnas.2016432118.

79. Gerstner W, Lehmann M, Liakoni V, Corneil D, Brea J: Eligibility traces and plasticity on behavioral
time scales: Experimental support of neoHebbian three-factor learning rules. Front Neural Circuits.
2018, 10.3389/fncir.2018.00053.

80. Le AA, Lauterborn JC, Jia Y, Wang W, Cox CD, Gall CM, Lynch G: Prepubescent female rodents have
enhanced hippocampal LTP and learning relative to males, reversing in adulthood as inhibition
increases. Nat Neurosci. 2022, 25:180-190.

15



Figure legends

Figure 1. Network components controlled by neuromodulators. (a) Neuromodulators affect internal
circuit mechanisms via modulation of excitatory and inhibitory neurons, as well as astrocytes.
Parvalbumin (PV) interneurons target excitatory neurons preferentially in the perisomatic region and
somatostatin (SST) interneurons preferentially target dendrites. (b) Release of neuromodulators, such as
acetylcholine, can induce coordinated spike patterns between presynaptic CA3 and postsynaptic CAl
neurons favoring the induction of synaptic plasticity.

Figure 2. Two-stage model of memory formation. The release of neuromodulators is associated with
different behavioural states. Acetylcholine (ACh) is released during theta activity when an animal
explores the environment. If the animal finds a reward (orange circle) dopamine (DA) is released,
enhancing the reactivation of neuronal activity associated with sharp wave ripple (SWR) activity. Theta-
gamma and SWR traces reproduced from [18].

Figure 3. Neuromodulators control information flow in the hippocampal network. (a) Cholinergic fibers
from the medial septum (MS) enhances the temperoammonic input (white) from the medial entorhinal
cortex (mEC) relative to the Schaffer collateral (SC) input from the CA3. (b) Dopamine release in the
hippocampus modulates input from the CA3 (white). While tonic activation of dopamine receptors
decreases SC input to CA1, phasic dopamine release from the locus coeruleus (LC) increases SC input
through a D1 receptor—dependent enhancement of excitatory synaptic transmission.
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