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Current research on the molecular mechanisms of learning and memory is based on the “stimulus-response”
paradigm, in which the neural circuits connecting environmental events with behavioral responses are
strengthened. By contrast, cognitive and systems neuroscience emphasize the intrinsic activity of the brain that
integrates information, establishes anticipatory actions, executes adaptive actions, and assesses the outcome via
regulatory feedback mechanisms. We believe that the difference in the perspectives of systems and molecular

studies is a major roadblock to further progress toward understanding the mechanisms of learning and memory.
Here, we briefly overview the current studies in molecular mechanisms of learning and memory and propose that
studying the predictive properties of neuronal metabolism will significantly advance our knowledge of how
intrinsic, predictive activity of neurons shapes a new learning event. We further suggest that predictive metabolic
changes in the brain may also take place in non-neuronal cells, including those of peripheral tissues. Finally, we
present a path forward toward more in-depth studies of the role of cell metabolism in learning and memory.

1. Introduction

A major goal of neurobiology is to determine the mechanisms of
learning and memory. Most research efforts have focused on learning-
induced plastic changes at synapses according to the “stimulus-
response” viewpoint, which we refer to as the reactivity paradigm
(Kandel et al., 2014; Langille and Brown, 2018). Such studies rarely
consider the predictive activity of neurons, which is emphasized in
contemporary cognitive and systems neuroscience (Aleksandrov, 2006;
Buzsaki, 2019; Pezzulo et al., 2021; Raichle, 2015). In this review, we
consider this intrinsic activity of neurons in a broader context of the
activity paradigm and argue that it is essential for understanding the
mechanisms of learning and memory. We believe the disconnect be-
tween the molecular research based on the reactivity paradigm and the
systems neuroscience research increasingly centered on the activity
paradigm is a major roadblock to further progress in the field of learning
and memory.

Recent studies have begun to demonstrate the significance of cellular
metabolism, including cell bioenergetics, for the intrinsic activity of
neurons (Mann et al., 2021; Styr et al., 2019). However, we still do not
know if and how neuronal metabolism determines intrinsic neuronal
activity during a new learning event and what metabolic changes are
involved in the formation of a memory “engram.” We hypothesize that
some neurons “experience” a mismatch between their current metabolic
state and the metabolic requirements imposed during learning. We
propose that this metabolic mismatch initiates spiking activity of those
neurons (i.e., predictive activity) to generate a new adaptive behavior
that resolves the mismatch. In this review, we use the activity paradigm
as a conceptual framework to critically evaluate the current molecular
studies of learning and memory and propose new directions to test our
hypothesis of the metabolic needs and their resolution during acquisi-
tion of new adaptive behaviors (Aleksandrov, 2006; Anokhin, 1974;
Shvyrkov, 1990).

* Corresponding author at: V. B. Shvyrkov Laboratory for the Neural Bases of the Mind, Institute of Psychology, the Russian Academy of Sciences, Moscow, Russia.
** Corresponding author at: Department of Physiology and Biophysics, Jacobs School of Medicine, University at Buffalo, Buffalo, NY 14203, USA.
E-mail addresses: yuraalexandrov@yandex.ru (Y.I. Alexandrov), mvpletni@buffalo.edu (M.V. Pletnikov).

https://doi.org/10.1016/j.neubiorev.2022.104664

Received 16 November 2021; Received in revised form 30 March 2022; Accepted 10 April 2022

Available online 16 April 2022
0149-7634/© 2022 Elsevier Ltd. All rights reserved.


mailto:yuraalexandrov@yandex.ru
mailto:mvpletni@buffalo.edu
www.sciencedirect.com/science/journal/01497634
https://www.elsevier.com/locate/neubiorev
https://doi.org/10.1016/j.neubiorev.2022.104664
https://doi.org/10.1016/j.neubiorev.2022.104664
https://doi.org/10.1016/j.neubiorev.2022.104664
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neubiorev.2022.104664&domain=pdf

Y.I. Alexandrov and M.V. Pletnikov

2. Molecular mechanisms of learning and memory: origin and
status quo

The science of learning and memory has predominantly been shaped
by the reflex theory developed by the French philosopher René Des-
cartes (1596-1650), who applied the laws and principles of physics and
mechanics to biology and psychology (Corson and Corson, 1985). The
reflex theory explained animal behavior as “reactive,” with external
stimuli as the primary cause. British empiricism further promoted this
with the idea that our knowledge is acquired through experience based
on the ability of the brain to perceive and interpret the outside world
(Buzsaki, 2019) (Fig. 1A). The physiological studies by Sir Charles
Sherrington supported the view that brain function is reactive to the
environment (Sherrington, 1951). The reactivity paradigm is highly
popular among neuroscientists because stimuli and responses can be
experimentally controlled. This section presents an overview of the
current understanding of learning and memory from the molecular
neuroscience perspective.

2.1. Synaptic plasticity

The leading concept among neuroscientists to explain the brain
mechanisms of learning and memory is Hebbian synaptic plasticity, in
which the response to a synaptic input is strengthened when the activity
of the presynaptic neuron co-occurs with activity of the postsynaptic
neuron (Hebb, 1949; Sejnowski, 1999). Thus, learning reflects a syn-
aptic modification resulting from the simple temporal association be-
tween two inputs (Blair et al., 2001; Pare, 2002; Sah et al., 2008). In
addition to this remodeling, new synapses form during long-term
memory formation, which requires protein synthesis in the body of
the neuron and at the synapse (Davis and Squire, 1984; Martin and
Morris, 2002; Silva, 2003; Tully et al., 1994). Although experimental
evidence does not contradict the molecular and synaptic theories cor-
responding to the reactivity paradigm (Josselyn and Tonegawa, 2020;
Langille and Brown, 2018), they are not universally accepted (e.g.,
Trettenbrein, 2016). In fact, there is a growing appreciation of the
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non-synaptic mechanisms of learning, including epigenetic modifica-
tions within individual neurons as a mechanism of storing acquired in-
formation (Abraham et al., 2019a; Arshavsky, 2006, 2017).

2.2. Neuronal metabolism in learning and memory

The adult brain consumes ~20% of the body’s energy, and 60-75%
of this energy is used for generating and propagating action potentials
and synaptic transmission. The remainder is spent on anabolic meta-
bolism for neuronal maintenance, such as for ion channels, receptor
turnover, cytoskeletal remodeling, lipid metabolism, and protein syn-
thesis for signal transduction pathways (Attwell and Laughlin, 2001;
Bauernfeind et al., 2014; Bordone et al., 2019; Hyder et al., 2013).
Additional energy requirements to accommodate changes in brain ac-
tivity are proposed to be < 5% of baseline levels of consumption
(Raichle, 2015; Raichle and Mintun, 2006). Thus, there appears to be
little energy allocated for “externally driven” actions (for further details,
see Fiinfschilling et al., 2012; Magistretti and Chatton, 2005; Pellerin
and Magistretti, 1997; Raichle, 2015).

Mitochondria are the key energy-producing organelles of the cell
(Mattson et al., 2008; Raefsky and Mattson, 2017). Mitochondrial
electron transport generates the ATP that is essential for the excitability
and survival of neurons and for the phosphorylation of proteins that
mediate synaptic signaling and related long-term changes in neuronal
structure and function. Mitochondrial responses also address the bio-
energetic challenges faced by neurons, such as Ca>" and redox signaling
and Ca?' buffering, and contribute to developmental and synaptic
plasticity, including the formation and maintenance of dendritic spines
(postsynaptic structures) (Kann and Kovacs, 2007). Neurons can also
utilize glutamate, lactate, ketone bodies, and fatty acids as alternative
sources of energy (Attwell and Laughlin, 2001; Bordone et al., 2019).

Glucose is metabolized during task-induced increases in aerobic
glycolysis that are observed as changes in blood flow (i.e., blood-oxygen-
level-dependent signals in functional magnetic resonance imaging).
Synaptic proliferation and pruning are also linked to aerobic glycolysis
(Raichle, 2015; Raichle and Mintun, 2006). When rats perform various

Fig. 1. Reactivity and activity paradigms. The
numbers indicate the order of the events. A-B:
According to the Reactivity paradigm, a stim-
ulus (1) is followed by a response (2). This
chain of events is observed at the levels of both
the Organism (A) and the Neuron (B). At the
neuronal level, the stimulus is the synaptic in-
puts (thin short lines) and the response is
spiking activity of the neuron (thin long lines).
C-D: According to the Activity paradigm, a
o functional system (1) is generated at the level of
the Organism (C) to achieve an adaptive result
(2). At the neuronal level (D), spiking activity is
generated because of a mismatch between the
basal metabolism and the metabolic re-
quirements, e.g., as produced by a new learning
event. Neuronal spiking is an action (1) that
contributes to a newly established functional
system. The functional system achieves an
adaptive result that eventually eliminates the
original metabolic mismatch (2). In this
context, the adaptive result for the neuron is a
new metabolic state that leads to cessation of
neuronal activity. Thin short lines — synaptic
inputs; thin long lines — spiking activity of the
neuron.
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cognitive tasks, the levels of glucose in the hippocampi decrease, sug-
gesting that glucose consumption increases to provide neurons with
additional energy metabolites (McNay et al., 2000, 2001; Newman et al.,
2011; Suzuki et al., 2011). Glucose consumption may also increase to
provide astrocytes with glycogen to produce lactate, which serves as a
major energy metabolite during a learning event and/or the consolida-
tion of a new memory. This notion is supported by evidence showing
that knockout of glycogen synthase affects learning (Duran et al., 2013;
Rich et al., 2019) and that learning-associated neuronal activity upre-
gulates genes associated with the lactate shuttle, such as those encoding
glucose and lactate transporters (Hirase et al., 2019; Rich et al., 2019;
Tadi et al., 2015).

The launch of a new journal in 2019 (Nature Metabolism) reflects the
growing appreciation that cellular metabolism not only provides energy
in the form of ATP but also produces metabolites involved in signaling
pathways and post-translational modifications, apoptosis (Green et al.,
2014; Mason and Rathmell, 2011) and inflammatory processes (Zaslona
and O’Neill, 2020). A possible role for neuronal metabolism as a “driver”
of the predictive activity of neurons is also emerging. We believe that
future research on cellular metabolism will elucidate how this activity
serves as a mechanism of learning and memory.

3. Predictive mechanisms of learning and memory
3.1. Predictive activity of the brain

Modern concepts in cognitive and systems neuroscience related to
learning and memory, such as “central pattern generators,” “the restless
brain,” or “the inside-out program” (Buzsaki, 2019; Llinas, 2001;
Raichle, 2010; Yuste et al., 2005), took root in earlier studies demon-
strating that the mechanisms of learning cannot fully be described in
terms of an association of unconditioned and conditioned stimuli and
that “mental constructs” predict future events on the basis of past ex-
periences (Clayton et al., 2003; Dickinson and Mackintosh, 1978;
Domjan, 2000, 2005; Fanselow and Wassum, 2015; Timberlake, 1993,
1994). The notion that the brain works as a prediction system has since
expanded to encompass interoception - the subjective cognitive assess-
ment (i.e., perception) of physiological processes within the body (i.e.,
sensations from inside the body) (Barrett and Simmons, 2015; Chen
et al., 2021).

One of the earliest original concepts of the predictive activity of the
brain was developed in the school of Ivan P. Pavlov. Although I. P.
Pavlov and his studies are widely known to Western scholars, the works
of his students have received much less attention. For example, few
publications of Pavlov’s student Peter K. Anokhin, who arguably made
the greatest contribution to systems and cognitive neuroscience in
Russia, were translated into English (Anokhin, 1958, 1968, 1984;

Neuroscience and Biobehavioral Reviews 137 (2022) 104664

Anokhin and Shuleikina, 1977). Anokhin’s theory of the functional
system and his concept of the integrative activity of the neuron provide
some historical background for the development of our hypothesis that
predictive features of neuronal metabolism play a role in learning and
memory (Aleksandrov, 2006; Shvyrkov, 1990).

3.2. P. K. Anokhin’s theory of the functional system

P. K. Anokhin (1898)—(1974), one of Pavlov’s most brilliant students,
made across-the-board contributions to an integrative theory of
behavior. In 1933-35, he proposed the theory of the functional system to
explain the mechanisms of goal-directed behaviors (Anokhin, 1968,
1974, pp. 190-254) (Fig. 2). His early experiments revealed that the
concept of the reflex arc does not fully explain compensatory adapta-
tions. The reflex is a linear process and has no “goal” that would precede
the reflex response itself. By contrast, the goal of compensation is to
achieve a specific adaptive result. The realization of the adaptive result
was considered a “function”, leading to the name, i.e., a functional
system. To overcome the limitations of the “stimulus-response” concept,
Anokhin thus proposed the theory of the functional system, which de-
scribes a dynamic organization of central (i.e., the brain) and peripheral
(i.e., peripheral organs and tissues) components that enable an organism
to achieve an adaptive result (Fig. 1C). This idea of central-peripheral
integration precedes the proposed concepts of embodied cognition
(Barsalou et al., 2003; Critchley and Harrison, 2013; Kolbeneva and
Alexandrov, 2016; Niedenthal, 2007) and allostasis. Indeed, similar to
Anokhin’s ideas, allostasis is considered “a core principle of organismal
design” to detect and evaluate the “needs” of the body and recall from
memory what previously worked to determine the actions to attain the
adaptive results (Schulkin, 2003; Schulkin and Sterling, 2019; Sterling,
2012).

To the best of our knowledge, Anokhin was the first to propose the
idea of self-regulation (also known as feedback) as a key physiological
mechanism that informs the brain about the success or failure of the
behavior being executed (Fig. 2). Success consolidates the behavior,
whereas failure initiates the formation of a new functional system,
enabling a new behavior. As a central mechanism for evaluating the
success or failure of the behavior, Anokhin proposed an acceptor of the
results of an action that includes the specific parameters of the future
result and compares the parameters of the actual result with those
anticipated by the organism. Anokhin’s view was later reintroduced in
cognitive neuroscience, including the concept of prediction error (Fig. 2)
(Anokhin, 1968, 1974). We refer interested readers to several recent
reviews of the modern status of the theory of the functional system
(Alexandrov, 2018, 2022; Alexandrov et al., 2018).

As alogical extension of his theory of the functional system, Anokhin
also advanced the concept of the integrative activity of the neuron

—~— Fig. 2. General architecture of a functional system. A

functional system includes afferent synthesis, which is an

f Acceptor of
behavioral
result
Efferent
synthesis

Reverse afferentation

integration of contextual or environmental afferentation
(EA), memory and metabolic needs (e.g., drive), and trig-
gering afferentation (TA) that initiates a process of decision
making. Decision making leads to the establishment of
efferent synthesis (i.e., the plan of action) and an acceptor
of the future results (i.e., anticipation) of a behavior to be
performed. The results of the behavior are evaluated by the
acceptor via regulatory feedback mechanisms originally

Result coined “reverse afferentation” by Anokhin. If the parame-
\‘\,- Motivatio parameters ters of the results do not match the acceptor’s expectation
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Signals Action Publishing Switzerland. “Cognitive Systems Monographs”,
about the - result Volume 25, “Anticipation: Learning from the Past. The
basic need Russian/Soviet Contributions to the Science of Anticipa-

tion.”, Ed. Mihai Nadin, p.159 (the original Fig. 3), 2015.
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(Anokhin, 1984). When this concept was first introduced in the 1960th
and was published in its final form in 1974, the neuron was mainly
viewed as an element of the reflex arc, and accordingly, its main func-
tion was to conduct excitation along the reflex arc (e.g., Brink, 1951). In
the context of the “reactivity paradigm”, similar to the whole organism
level (Fig. 1A), synaptic inputs represented a stimulus, whereas the
spiking activity of the neuron was a response to that stimulus (Fig. 1B).
Anokhin proposed that incoming stimuli are integrated not on the
neuronal membrane as a summation of excitatory and inhibitory po-
tentials but inside the neuron through interacting signaling pathways
and metabolic processes triggered by the activation of the receptors on
the membrane. Given the limited knowledge at the time of molecular
processes taking place in the neuron, Anokhin could not propose a
specific mechanism that increases the excitability at the hillock of the
neuron to generate spiking activity. While even now the exact mecha-
nisms are still being investigated, it has been established that the axon
initial segment (AIS) has a complex protein composition, including
voltage-gated channels, cell adhesion molecules, cytoskeletal proteins
(e.g., microtubules), and protein kinases (Leterrier et al., 2014; Quist-
gaard et al., 2021; Fujitani et al., 2021). It is not inconceivable that such
a sophisticated protein architecture found to modulate firing properties
of AIS is under fine-tuned regulation by gene expression and/or various
post-translational protein modifications. It is thus possible that AIS
firing patterns could be modulated by intraneuronal pathways as was
proposed by Anokhin more than 50 years ago.

The replacement of the “conductance through summation” concept
with one that emphasizes intracellular processes set the stage for
viewing neuronal metabolism as a key determinant of the intrinsic and
predictive activity of neurons (Aleksandrov, 2006; Shvyrkov, 1990).
Notably, the idea of anticipatory activity of cell metabolism was already
emphasized by Anokhin. Considering the predictive activity of an indi-
vidual cell or a primitive organism in the context of evolution, he
pointed to the development of its ability to actively anticipate through a
sequence of metabolic reactions a sequence of recurring external events
(Anokhin, 1974, p12-13).

3.3. Neuronal metabolism in learning and memory

Molecular and cellular neuroscientists have still widely used the
reactivity paradigm in their views of neuronal activity. However, there
is growing recognition that the predictive activity of the brain can be
attributed to neurons (Bar, 2007; Luczak et al., 2022; Sandler, 2008;
Watts, 2017). For example, Luczak et al. argue that a neuron is endowed
with the cellular mechanisms that function on small timescales (e.g.,
~10-100 ms) to enable the neuron to predict future activity (Luczak
et al., 2022). Predictive activity is now being reported in non-neuronal
cells as well. For example, Cheng et al. describe a new role for NF-kB,
a transcriptional factor, in controlling gene expression in anticipating
future events (Cheng et al., 2021). Further, predictive activity may also
exist in single-cell organisms as networks of proteins that empower a cell
to anticipate the future (Bray, 2009).

The anticipatory activity of an individual neuron may be determined
by the metabolic processes that occur during a learning event (Alexan-
drov and Jarvilehto, 1993; Aleksandrov, 2006; Alexandrov, 1999;
Shvyrkov, 1986, 1990). We argue that involvement of neurons in a new
learning event or formation of a new functional system (i.e., a new
learning event) is initiated by an alteration in their metabolic states, i.e.,
a mismatch between the basal metabolic “needs” in those neurons and
the new learning-produced metabolic requirements that cannot be met
without acquiring a new skill/behavior. Such a mismatch might occur
when existing memories and past experiences are insufficient to achieve
adaptive results. If the mismatch cannot be resolved or reduced by
reactivating the existing memories, then new neurons become active
and form a new co-active network of neurons to help the organism
achieve an adaptive result that, in turn, will lead to elimination of
metabolic mismatch in these neurons (Fig. 1D).
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Successful completion of a behavior also leads to cessation of the
activity of the neurons built-in the functional system of a given behavior.
Our prior findings demonstrate how activity of neurons change after
achieving the results of the newly established behaviors to get food by
pulling a ring (Fig. 3A-B) or pressing a lever (Fig. 3C-D). We found that
neuronal activity takes place before obtaining the result and ceases as
soon as the result has been achieved. Such a pre-result (i.e., anticipatory)
activity of individual neurons is determined by the metabolic processes
inside the neurons. The formation of a new functional system during
learning is called “systemogenesis” and the neurons that are involved in
the new functional system become specialized for it (Anokhin, 1974;
Shvyrkov, 1986, 1990; Aleksandrov, 2006; Egorova and Anokhin,
2003).

3.4. Neuronal metabolism and memory engram

The concept that learning involves the formation of new neuron
ensembles is compatible with the hypothesis that a memory engram
comprises neurons that have outcompeted others (Han et al., 2007; Park
etal., 2016; Rao-Ruiz et al., 2019; Yiu et al., 2014). Elegant studies have
demonstrated that intrinsic excitability increases the probability that a
neuron will win this competition (Josselyn and Frankland, 2018; Jos-
selyn et al., 2015; Tonegawa, Liu et al., 2015; Tonegawa, Pignatelli
et al., 2015). This intrinsic excitability-based allocation is also observed
in invertebrates, suggesting that the intrinsic activity of neurons (and
neuronal metabolism, we would add) is evolutionarily conserved and
critical for learning and memory (Josselyn and Tonegawa, 2020).

A small proportion of neurons might be “primed” for recruitment to
an engram (Josselyn and Tonegawa, 2020). We propose that this
priming is determined by the metabolic state of the neuron, which is also
reflected in the electrophysiological properties of neurons. Furthermore,
we argue that primed neurons are not simply recruited by external
stimuli but rather actively compete to join an engram in a new func-
tional system ensuring that the result is adaptive for the neuron and the
organism. We agree with Josselyn and Tonegawa (2020) that the allo-
cation and selection of neurons “resonate with...Darwinian competition,
” which further supports our main idea that neurons maintain their
metabolism by proactively initiating new functional systems during
learning. Josselyn and Tonegawa (2020) also proposed that neuronal
activity and metabolism have an ancient and highly conserved rela-
tionship. This is consistent with our previously expressed view of a
neuron as an evolutionary goal-directed organism developed to survive
(Aleksandrov, 2006; Aleksandrov and Korpusova, 1987; Alexandrov
et al., 2000, 2018) and early views of a single cell as an individual or-
ganism posited by Virchow (1860), Verworn and Lee (1899), and Sir
Sherrington (1951). This view is also in line with Dennett’s idea about
cells as “takers” (Dennett, 1996) and Edelman and Finkel’s idea that a
neuron is a metabolic feedback-regulated cell (Edelman, 1984, pp.
686-687).

The idea of predictive neuronal metabolism can also explain the
foundational mechanism of learning, namely, long-term potentiation
(LTP) of synaptic transmission (Baltaci et al., 2019; Nicoll, 2017). The
current interpretation of LTP is in line with the synaptic efficiency
theory of learning and memory and the view of neurons as brain cells
that react to incoming stimuli, i.e., action potentials. According to our
hypothesis and from the neuronal metabolism perspective, LTP can be
regarded as an electrophysiological reflection of the metabolic state that
has been altered to resolve the increased energy demand (Drdla et al.,
2009; McEachern and Shaw, 1996; Vikman et al., 2003). In LTP in-
duction protocols, tetanic stimulation is not applied with the intention of
altering neuronal metabolism, but it does.

3.5. Synchronous activity and metabolic cooperation

Modern views on spontaneous brain activity (Raichle and Mintun,
2006) are still described in the context of the reactivity paradigm, with
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Fig. 3. Anticipatory activity of neurons. Activation of neurons in the rabbit cingulate and anterolateral motor cortex that are specialized for behavioral acts
established during the learning of a food-reinforced behavior. The rabbits in the experimental cage pull on the ring (A) or press the pedal (B) to receive a food
reinforcer. Raster plots of spiking activity and the histograms of neuronal activity in the cingulate (C) or anterolateral (D) areas of the cortex and the actograms. A
neuron of the cingulate cortex is activated while the left but not the right ring is being pulled; notably, there is no activation while approaching or pressing the pedals
(C). A neuron of the anterolateral cortex is activated while the right but not the left pedal is being pressed; there is no activation approaching or pulling the ring (D).
The raster plots and histograms correspond to the start of the reinforced behavior. The vertical lines depict the time points at which the raster plots and histograms
were made. The vertical bars on the raster plots show individual neuron spikes, and the horizontal bars show the sequences of spikes in an individual cycle of the food
acquisition behavior. The cumulative histograms with a channel width of 20 ms are shown beneath the raster plots. The bottom plots are the behavior actograms for
all cycles of the food acquisition behavior performed by the animals. The curved lines above the line show pulling the ring or pressing the pedal; the curved lines
beneath the straight line depict the positioning of the animal’s snout at the feeder. The diamonds depict repeat pulls.

Reproduced with permission. © Springer International Publishing Switzerland. “Cognitive Systems Monographs”, Volume 25, “Anticipation: Learning from the Past.

The Russian/Soviet Contributions to the Science of Anticipation.”, Ed. Mihai Nadin, p.206 (the original figure 7), 2015.

the brain as a “sensory-motor analyzer” (reviewed by Pezzulo et al.,
2021). However, there is the notion that simultaneous spontaneous ac-
tivity of different brain areas may reflect “the history of task activation”
to help execute “behaviorally relevant tasks” (Pezzulo et al., 2021).

We previously reported that synchronous extracellular unit activity
in the visual and sensorimotor cortices in rabbits appears strongest right
before the presentation of a negative reinforcement, i.e., a foot shock
(Aleksandrov and Shvirkov, 1974). We proposed that this synchronous
activity is a key feature of the integration of brain-wide systems to
ensure the success of a goal-directed defensive behavior. Later, Engel
and associates also observed synchronization between sensory and
motor areas during the time when a cat anticipated the appearance of a
behaviorally relevant stimulus (Engel et al., 2001, 2013). In addition to
several indications of the functional importance of spontaneous brain
activity (Buzsaki, 2019; Pezzulo et al., 2021; Raichle, 2015; Raichle and
Mintun, 2006), we would like to add that the neuronal metabolism that
determines spontaneous activity reflects “a metabolic state for anticipa-
tory activity” (Shvyrkov, 1986; Alexandrov, 2015) and simultaneous
activities of neurons reflect their metabolic co-operation.

The strong relationship between the metabolism and electrical ac-
tivity of neurons suggests that the synchronous activity of neurons
across different brain regions may be an indication of the metabolic
integration required for a behavior to attain adaptive results and elim-
inate metabolic mismatches in synchronically active neurons. Sys-
temogenesis may thus reflect a new metabolic cooperation, in which
neurons “learn” to metabolically cooperate with one another during
memory formation. One could propose that metabolic cooperation in-
volves a broad spectrum of neuromodulators and classical

neurotransmitters that influence (i.e., synchronize) metabolic processes
in co-active neurons. From the metabolic perspective, a new learning
might recruit neurons experiencing similar metabolic mismatches to
establish a new neuronal ensemble. In this network, neurons acquire
new metabolic “features” needed for the new functional system
(Cedernaes et al., 2019; Llinas et al., 2002; Mann et al., 2021; Tingley
et al., 2021).

We believe that this metabolic cooperation has evolutionary roots
and is consistent with our knowledge about the evolution of multicel-
lular organisms. There are examples coactivation, cooperation, and
complex cell-cell communication in “societies” of unicellular organisms,
in which these interactions are essential for attaining adaptive results
shared by all unicellular organisms in the network (Ben Jacob et al.,
2004; Benomar et al., 2015; Pande et al., 2015; Pfeiffer and Bonhoeffer,
2004). One example involves oscillatory metabolic processes for
glycolysis in yeast (Olsen et al., 2009). The oscillations are synchronized
by the diffusion of metabolites and other signaling molecules, which
establishes an extracellular concentration gradient of critical metabo-
lites (Weber et al., 2012). Such cell-cell interactions may have been one
of the major driving forces for the evolution of multicellular organisms
(Brodsky, 2006). Curiously, a single isolated yeast cell displays no os-
cillations (Olsen et al., 2009), whereas isolated neurons exhibit rhythmic
activity (Chen et al., 1973).

4. Future studies of learning and memory

Future studies will determine whether the metabolism within a
neuron differs before and after a new learning event. It would be critical
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to determine metabolic changes in neurons that were activated during
learning but not selected for a memory engram (i.e., the ones that lost
the competition with other neurons) with those in neurons that were
activated during the learning process but were selected. However, to fully
address the hypotheses we presented in this review, significant tech-
nological advances are needed, such as in vivo monitoring of cellular
metabolism before and during the acquisition of a new skill, subsequent
memory consolidation, and memory retrieval.

We also believe that the intrinsic activity and intracellular meta-
bolism of non-neuronal brain cells influence learning and memory. For
example, glial cells contribute to information encoding and memory
storage (Zorec et al., 2015). Astrocytes and microglia modulate synaptic
function by releasing gliotransmitters, neurotropic and synaptogenic
factors, chemokines, and cytokines (Ben Achour and Pascual, 2010).
Oligodendrocytes and the myelin sheaths they generate are also crucial
for certain types of learning (Xin and Chan, 2020). Thus, studies that
explore these so-called supportive neural cells will provide a more
complete picture of the mechanisms underlying learning and memory.
Of particular interest is the comparison of the "metabolic profile" be-
tween glial cells and neurons during different stages of learning and
memory formation.

Placing our hypothesis in a broader context of cell metabolism and
considering the significance of central-peripheral integration in learning
and memory, one could also suggest that the metabolic properties of
cells in peripheral tissues influence their integration into a new func-
tional system during learning (Hiramoto et al., 1997). We would need to
identify how the metabolic changes in peripheral tissues during learning
correspond to those in the brain and how long lasting the metabolic
changes are. Notably, greater attention has been paid in the last decade
to the role of peripheral organs and tissues in learning and memory. For
example, the enteric nervous system and gut microbiota communicate
with the brain via immune, endocrine, and neural pathways (Collins and
Bercik, 2009; Cryan and Dinan, 2012; Marin and Kipnis, 2013) and can
affect learning and memory, as demonstrated in adult bumble bees
(Gareau et al., 2011; Hsiao et al., 2013). Tingley and associates (2021)
presented data suggesting that activity in the hippocampus coordinates
mnemonic and cognitive processes with whole-body metabolism. In
addition, skeletal muscles secrete an amylase enzyme (amyrel) into
circulation, which can induce responses in the brain to mediate antici-
patory changes in distant organs (Rai et al., 2021). To evaluate
central-peripheral integration in learning and memory, we can leverage
approaches and techniques used to examine tissue-specific metabolic
adaptation of immune cells in a cancer microenvironment (Elia and
Haigis, 2021; Varanasi et al., 2020; Venerin et al., 2020) and
NF-kB-regulated gene expression in microphages (Cheng et al., 2021;
Nandagopal et al., 2021). Furthermore, multitissue multiomics analyses
have been developed to dissect the central-peripheral complexities of
behavior (Yang, 2020). We believe that systematic evaluation of meta-
bolic activity throughout the body will reveal peripheral components of
memory engrams and provide new insights into how peripheral tissues
and metabolic networks are involved in new learning events.

5. Conclusion

We provided a brief history of the development of ideas about the
intrinsic activity of the brain in the context of learning and memory,
with a focus on the theory of the functional system developed in the
scientific school of P. K. Anokhin. The ideas of P. K. Anokhin and V. B.
Shvyrkov preceded the concepts emerging in cognitive neuroscience in
which the intrinsic activity of the brain determines our perception,
cognitive function, and goal-directed behavior. Moreover, their ideas led
us to propose that neuronal metabolism is a determinant of predictive
neuronal activity and crucial for the formation of a new functional
system that leads to adaptive results.

We also hypothesize, as a mechanism underlying learning and
memory, that neurons are recruited into a new functional system to
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resolve a metabolic mismatch. Successful learning leads to the elimi-
nation of this metabolic mismatch and the formation of a new network
of neurons and non-neruonal cells (i.e., the new functional system),
thereby achieving an adaptive result at the level of individual cells and
the whole organism. Thus, learning cannot solely be attributed to
increased synaptic connectivity but rather to the formation of a new
metabolic state within the neurons and likely non-neruonal cells
selected and recruited to a memory engram.
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