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Hypothesized mechanisms through which acute
exercise influences episodic memory
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Emerging research demonstrates that exercise is favorably associated with several cognitive outcomes, including
episodic memory function. The majority of the mechanistic work describing the underlying mechanisms of this effect
has focused on chronic exercise engagement. Such mechanisms include, e.g., chronic exercise-induced neurogenesis,
gliogenesis, angiogenesis, cerebral circulation, and growth factor production. Less research has examined the
mechanisms through which acute (vs. chronic) exercise subserves episodic memory function. The purpose of this
review is to discuss these potential underlying mechanisms, which include, e.g., acute exercise-induced (via several
pathways, such as vagus nerve and muscle spindle stimulation) alterations in neurotransmitters, synaptic tagging/
capturing, associativity, and psychological attention.
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Introduction

Emerging research demonstrates that exercise engagement can improve cognitive function
(15, 25, 35, 50, 52, 89), and this relationship may even be bidirectional (51, 69). To date,
much of the mechanistic work has focused on chronic exercise behavior and its ability to
induce neurogenesis, gliogenesis, angiogenesis, cerebral circulation, and growth factor
production (8, 28, 29, 31, 40, 42). Of interest herein are the mechanisms of acute exercise
on episodic memory function.

The purpose of this study is to discuss the mechanistic effects of acufe exercise on
episodic memory function (50), or the recall of past events based on a temporal-spatial
context. Emerging work, indeed, demonstrates that acute exercise may subserve episodic
memory function (50). We recently detailed various potential mechanisms of exercise on
episodic memory function (47). These postulated exercise-related mechanisms include,
e.g., (1) exercise enhancing neuronal excitability; (2) exercise enhancing attentional resource
allocation to facilitate memory encoding; (3) exercise upregulating o-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid receptor levels, opening N-methyl-D-aspartate (NMDA)
channels, and increasing excitatory post-synaptic potentials (EPSPs) in the hippocampus;
(4) exercise priming neurons to be encoded in the memory trace by increasing cAMP
response element binding (CREB) transcription; (5) brain-derived neurotropic factor (BDNF)
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expression from exercise; and (6) exercise enhancing dendritic spine growth. Regarding
BDNF, recent research highlights the key role of BDNF in potentially mediating the
relationship between exercise and memory (48). For example, exercise-induced increases
in BDNF may promote neuronal survival, increase intracellular calcium levels, facilitate
transcription factors, and induce mTOR-mediated mRNA translation for memory
consolidation (48, 82).

Muscle Spindle Pathway

The distinction of this present review is the explicit focus on “acute” exercise and its unique
effects on influencing episodic memory function. The heart of this paper is the effects of acute
exercise on long-term potentiation (LTP), or the functional connectivity between neurons.
LTP is considered a key mechanism subserving episodic memory function (38, 87). We
hypothesize that acute exercise induces near immediate effects on neuronal excitability using
one of two major pathways. First, contraction of the skeletal muscles will activate the
respective muscle spindles, and in turn, generate action potentials that are transmitted by
afferent peripheral nerves to the dorsal spinal cord and then to the brain stem (Fig. 1). In the
brain stem, activation of the nucleus of the tractus solitaries (NTS) [and by extension, locus
coeruleus (LC)] has projections to the prefrontal cortex and basolateral amygdala, both of
which are implicated in memory function (71, 74). In addition, the LC has direct projections
to the dentate gyrus, CA3, and CA1 hippocampal structures (32, 60). We assume that these
anatomical connections will allow for functional connectivity to occur, but of course,
anatomical connections do not always imply that a functional association is going to occur.

Vagus Nerve Pathway

We hypothesize that another acute exercise-induced hippocampal neuronal pathway involves
activation of the vagus nerve (Fig. 2), which may occur from various routes, including
activating various tissues (e.g., lungs) or exercise-induced increases in catecholamines
(e.g., epinephrine). The vagus nerve is the longest cranial nerve in the body, comprised
approximately 80% afferent fibers and 20% efferent fibers (23). The afferent sensory fibers
relay information from various peripheral tissues (e.g., respiratory tract and heart) to the NTS.
As noted above, activation of the NTS has projections to the LC, which in turn has a direct
connection with the CA1 structure (12, 60).

The hippocampal CA1 structure has been extensively studied under the context of
hippocampal LTP (Fig. 3) (9). Figure 3 demonstrates a brief schematic representation
illustrating components of early (E-LTP) and late-phase LTP (L-LTP). For a more thorough
discussion, see other reviews (47, 56, 67). Importantly, in the context of acute exercise,
within 10 min after the induction of LTP, outgrowth of new pre- and post-synaptic processes
has been observed (21, 53, 65). Moreover, even within minutes after LTP, studies have
observed increases in spine size (55), clustering of post-synaptic glutamate receptors (81),
and clustering of pre-synaptic vesicle-associated proteins and colocalizing of pre- and post-
synaptic sites (5).

Through the vagus nerve, brain stem stimulation can increase various memory-related
neurotransmitters in the Cornu Ammonis region, including norepinephrine (NE; coming from
the LC), dopamine (DA; coming from the LC, substantia nigra, and ventral tegmental area),
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Fig. 1. Muscle spindle pathway. Contraction of the skeletal muscle activates the muscle spindle, generating an

action potential that is transmitted by peripheral nerves to the spinal cord, and then to the brain stem. Then, in the

brain stem, activation of the NTS can facilitate production of neurotransmitters in the LC, which has projections

to several hippocampal (CA3, CAl, and DG) and non-hippocampal memory-related structures (BLA and PFC).

BLA: basolateral complex of the amygdala; DG: dentate gyrus; LC: locus coeruleus; NTS: nucleus tractus solitarius;
PGi: nucleus paragigantocellularis; PFC: prefrontal cortex

serotonin (SHT; coming from the raphe nuclei in the brain stem), and acetylcholine (ACh;
coming from the medial septal nucleus) (Fig. 4).

Neurotransmitter Mediation

The mechanistic actions of neurotransmitters in influencing the exercise-memory interaction
are of great interest (57, 59). Regarding NE, there are three types of metaboreceptors that NE
binds to, including B (B;, B2, and B3), al, and a2 (54). The majority of the research on memory
function demonstrates that NE induces LTP through p-receptors. Triggering these receptors
activates adenylate cyclase and produces cyclic adenosine monophosphate (cAMP), which,
in turn, is associated with CREB protein activation (54). Furthermore, NE-facilitated
B-receptor activation can augment LTP through protein kinase A (PKA) activation (93).
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Fig. 2. Vagus nerve pathway. Afferent sensory fibers
relay information from various peripheral tissues to
the NTS. Activation of the NTS has projections to the
Peripheral Tissues LC, which has direct connections to the CAl
(e-g., heart, lungs) and hippocampal structure. LC: locus coeruleus;
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paragigantocellularis

Specific details on the role of these proteins on LTP have been discussed elsewhere (47). It is
clear that NE plays a critical role in hippocampal LTP (33, 37, 85), with research providing
evidence that exercise can increase NE levels (79, 92).

Although inconsistent (90), some evidence suggests that exercise increases levels of
DA (86). Through D1-like (D,/Ds) DA receptors, sequential activation of adenylate cyclase
[D; through PKA and Ds through protein kinase C (26)] and cAMP may ensue (DA also
binds to inhibitory-type receptors, D, D3, and D) (64). Furthermore, DA signaling may help
mediate memory trace formation (63) by influencing aspects of LTP [e.g., NMDA phos-
phorylation via the PKA pathway (84)] (70), as well as metaplastic control over LTP and
long-term depression (80). DA receptor activation in the CA1 also initiates processes related
to the synthesis of plasticity-related proteins (PRPs; discussed later) that may be involved in
setting and stabilizing the synaptic tag (43, 77). Indeed, in human studies, and in a dose-
dependent inverted U-shaped pattern, DA has been shown to enhance recollection of neutral
memory (14), highlighting its critical role in synaptic connections and memory consolidation.

SHT may also play a significant role in hippocampal LTP (61). Moreover, it seems that
SHT release may be stress-specific, with acute exercise stress-triggering augmented 5-HT
release (and acting on various receptors, including 5-HT,, 5-HT;y, 5-HT,,, 5-HT,., 5-HTj;,
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Fig. 3. Schematic representation of LTP illustrating pre- and post-synaptic changes. Pre-synaptic action potential
increases Ca®* influx, facilitating vesicle docking. Neurotransmitter (e.g., glutamate) binds to AMPA receptor,
facilitating Na* influx and K+ efflux, inducing cell depolarization. Ca>* enters NMDA through electrostatic
repulsion, which phosphorylates AMPA receptors through protein kinases. Late-phase LTP involves Ca**-activating
pathways that upregulate transcription factors to facilitate synaptic plasticity

5-HT,, 5-HTs, 5-HTg, and 5-HT5) and turnover in the amygdala, via rapid consolidation
of memories promoted by efficient neural transitions from E-LTP to L-LTP (2). Activation
of the Ga,-coupled receptor leads to the stimulation of adenylate cyclase, elevating cAMP,
and in turn, activating PKA (10). This phosphorylating enzyme can then activate
CREB-modifying gene expression. Indeed, recent work demonstrates that exercise can
increase 5-HT levels, which may mediate memory enhancement effects (68).

In addition to the aforementioned neurotransmitters (NE, DA, and SHT), ACh also plays
an important role in hippocampal-dependent learning and memory (34). Acting on musca-
rinic cholinergic receptors (ACh also binds to nicotinic receptors), increases in ACh have
been shown to enhance hippocampal CA1 LTP (66), with this effect being greatest during
walking, as opposed to other behavioral scenarios (awake-immobility, slow-wave sleep, and
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Fig. 4. Neurotransmitter mediation of hippocampal CA1, illustrating potential mechanisms through which
these neurotransmitters influence CA1 LTP. SHT: serotonin; ACh: acetylcholine; DA: dopamine; LC: locus
coeruleus; MSN: medial septal nucleus; NE: norepinephrine; RN: raphe nuclei; SN: substantia nigra; VTA: ventral
tegmental area

rapid eye movement sleep) (44). Mechanisms of this effect may be a result of blockage of K*-
mediated conductances and enhancement of NMDA receptor currents (44). Recent work also
demonstrates that exercise may increase ACh levels, potentially mediating improvements in
memory function (18).

Thus, acute exercise may induce hippocampal neuronal excitability via afferent muscle
spindle activation (Fig. 1) as well as from vagus nerve stimulation arising from afferent inputs
in the lungs and heart (Fig. 2). This, in turn, induces various neurotransmitters (NE, DA, SHT,
and ACh) in the CA1 structure (Fig. 4), facilitating LTP (Fig. 3), or the continuous release of
neurotransmitters to sustain EPSP. We believe that these sustained EPSPs constitute a critical
mechanism through which acute exercise may influence episodic memory function.

Synaptic Tagging and Capturing

In addition to these potential acute exercise-memory mechanisms (Figs 1-4), we also
hypothesize that acute exercise may facilitate episodic memory through synaptic tagging
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Fig. 5. Synaptic tagging and capturing. The exercise stimulus triggers plasticity-related proteins (PRPs) that tag
another synapse, captured by the memory stimuli. This helps facilitate long-term potentiation (LTP) at the memory
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Fig. 6. Schematic representation of associativity effects. The acute bout of exercise may induce a high action
potential. This increased accumulation of sodium and calcium ions may leak over and induce potentiation of the
memory trace, facilitating long-term potentiation (LTP) of the pre-synaptic—post-synaptic memory stimulus neuron.
Relatedly, this action potential may induce a dendritic spike (neural backpropagation), facilitating depolarization of

the synapse of the memory stimulus, ultimately priming NMDA-mechanisms to facilitate LTP

(Fig. 5) and associativity effects (Fig. 6) (7). The concept of synaptic tagging and capture
and its influence on LTP were introduced by Frey and Morris (24). Traditionally, behavioral
tagging refers to the conversion of a short-term weak memory to a stable long-term
memory because of its proximity to a strong memory. A short-term memory, triggered by
E-LTP-inducing synaptic inputs, can be stabilized by a stronger memory trigger. Specifically,
the stronger memory triggers PRPs that can help to rescue the weaker memory. The PRPs,
produced via CREB mechanisms, travel from the cell body of one neuron to other synapses,
facilitating LTP at that synapse. We hypothesize that exercise produces synaptic PRPs, with
the subsequent memory stimuli capturing this tag (Fig. 5). In this context, we view acute
exercise as a metaplasticity phenomenon, which develops when an initial priming event
(e.g., acute exercise) induces physiological/biochemical changes in neurons/synapses that
modulate plasticity induced by a subsequent event (e.g., memory stimuli) (1).
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There are several studies to support this hypothesis. Moncada and Viola (62) and
Ballarini et al. (6) were the first to design studies to evaluate the possibility of an interaction
between unrelated tasks that rely on hippocampal plasticity that could be explained by
synaptic tagging and capturing. These studies exposed rats to an open field (novel environ-
ment) for 5 min, which served as the task to elicit the PRPs, followed by a weak-learning task
(that induces short, but not long-term memory) that is presumably tagged. Mancoda and
Viola (62) showed that the exposure to the open field (1 h prior) helped to consolidate the
short-term memory into a long-term memory, which depended on activation of DA D;/Ds
receptors. Thus, the open field exploration provided the PRPs, via behavioral tagging, to
stabilize the memory trace. Similarly, Almaguer-Melian et al. (3) found that a 5-min exposure
to a novel open field 15-min before or after the water-maze training favored spatial learning.
They showed that this open field exposure reversed the deleterious effect of post-training foot
shock on learning, through a protein synthesis-dependent process. Thus, this study demon-
strates that novelty-induced PRPs are able to prevent the memory disruption caused by stress,
and that the stress does not interfere with either the tag-setting or tag-capturing processes.

Associativity

Another plausible neuronal-related mechanism through which acute exercise may influence
episodic memory function is through an associativity effect (45). As schematically displayed
in Fig. 6, if the acute bout of exercise occurs around the same time (e.g., shortly before) as the
memory stimulus, it is possible that it may help to facilitate the stabilization of the memory
trace, via LTP-related mechanisms. As an example, and as shown in Fig. 6, the two pathways
(exercise and memory stimuli) involve a combination of a weak and strong input. Associa-
tivity is observed when the weak input is activated around the same time as the strong input,
which induces LTP of the weak and strong pathways. Speculatively, the acute bout of
exercise (strong input) may induce a high action potential, activating the memory trace. The
increased accumulation of post-synaptic sodium and calcium ions, e.g., may leak over
and induce potentiation of the memory trace and thus induce LTP of the pre-synaptic—
post-synaptic memory stimulus neuron. Relatedly, this action potential may induce a
dendritic spike (neural backpropagation), facilitating depolarization of the synapse of the
memory stimulus, ultimately priming NMDA mechanisms to facilitate LTP (11).

Cognition Attention

Another likely mechanism through which acute exercise may enhance episodic memory is
through arousal/attentive effects (Fig. 7) (4, 58). Psychological attention may be viewed as
three independent, yet interrelated systems, including alerting (readiness to receive the
stimulus), orienting (directing attention to target stimulus), and executive control (manage-
ment of mental resources to focus and inhibit conflicting stimuli) (27). Furthermore, as
detailed elsewhere (22), attentional processes may involve involuntary or bottom-up atten-
tion, as well as voluntary or top-down attention.

Bottom-up attention may arise from the self-organized behavior of neuronal
engram ensembles. After a sensory stimulus is presented, neurons that are sensitive to that
stimulus are self-activated. Neurons within this ensemble that receive a transitory “super-
threshold” stimulus will continue to fire if they are activated by another source of excitatory

Physiology International (Acta Physiologica Hungarica) 105, 2018

Unauthenticated | Downloaded 04/22/20 10:50 AM UTC



Mechanisms of acute exercise on episodic memory 293

Involuntary Bottom- Voluntary Top-Down

Up Attention Attention

= Mesencephalic reticular
= Thalamus
= Limbic system

Frontal structure
=  Parietal structure

Acute Exercise

Fig. 7. Schematic representation of acute exercise attention. Acute exercise activates neuronal ensembles in the
mesencephalic reticular formation, thalamus, and limbic structures to facilitate bottom-up attention. Acute exercise
induces neuronal activation in the prefrontal and parietal structures to subserve top-down attention

input — either through arousal or affective reinforcement. (22) Structures involved in this
arousal-induced excitatory input include the mesencephalic reticular formation and thalamus
(39, 78), with the limbic system involved in the affective reinforcement stimuli (72). Notably,
acute exercise has been shown to induce neuronal excitation in the mesencephalic reticular
formation (19, 36), thalamus (73), and limbic structures (91), providing suggestive evidence
that acute exercise may help to facilitate bottom-up attentional processes.

Voluntary, or top-down attention, involves several cortical areas, including the frontal
and parietal structures (16, 17), which integrate feedback from neuronal assemblies of the
bottom-up structures (reticular formation, thalamus, and limbic system) (22). Thus, top-down
attention is a higher-order process involving the interaction of complex, dynamic brain
structures. Acute exercise may help to facilitate top-down attention via increases in neuronal
activity in both the frontal and parietal structures (20, 88).

Conclusions

Chronic exercise training may help to facilitate improvements in cognition (including
memory) due to various exercise-induced mechanisms, such as neurogenesis, gliogenesis,
angiogenesis, cerebral circulation, and growth factor production (8, 28, 29, 31, 40, 42). Here,
we specifically discuss potential underlying mechanisms through which acute exercise may
influence episodic memory function. Such mechanisms may include, e.g., acute exercise-
induced (via several pathways, such as vagus nerve and muscle spindle stimulation)
alterations in neurotransmitters, synaptic tagging/capturing, associativity, and psychological
attention. Although not within the scope of this review, future work should continue the
discussion on whether acute exercise of varying intensities plays a differential role in these
mechanisms, and in turn, episodic memory function (30, 46, 50, 75, 94). Such an exploration
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will require careful consideration, given that exercise intensity may have a differential
response on various parameters (e.g., cortisol) that may facilitate or potentially hinder
episodic memory function (13, 49). In addition, our hypothesized models assume the acute
bout of exercise occurs shortly before the episodic memory stimulus; thus, alterations in the
temporality of the exercise and memory stimuli may result in unique mechanisms of this
relationship (25, 41, 76, 83). Future work should thoroughly evaluate these models, which
can be updated and revised as required.
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