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Abstract

Neural coding means the representation of external stimuli and/or behavioral processes in the
electrical activity of nerve cells. In recent years, many facts have been revealed that indicate the need
to generate oscillations for such a representation in a normal brain. The hippocampus and its directly
related structures (dentate gyrus, subiculum, and entorhinal cortex) generate many types of field
rhythmic activity, the main of which are theta (~4-12 Hz), beta (~15-30 Hz), gamma (~25-100 Hz), and
ripple oscillations (~120-500 Hz). With the participation of oscillatory activity generated in these
frequency bands, both spatial and non-spatial information (temporal, auditory, olfactory, tactile,
gustatory, etc.) is represented in the brain. It has been found that oscillations underlie many critical
brain functions such as learning and memorization. However, a fundamental question remains to be
fully resolved: what specific role do different types of oscillations generated in the hippocampal
system play in cognitive functions (in particular, in encoding information), and what are the
mechanisms of their participation in these functions? This paper is devoted to a review of the
literature data on the role of oscillatory processes in encoding signals entering the brain both from
the external environment and from the body itself. The issues of the participation of oscillations in
the memorization and reproduction of stored information are also discussed. The main focus is on
examining oscillatory activity directly in the hippocampus; the material obtained from the study of
structures belonging to the hippocampal system and some neocortical regions are also evaluated.

Keywords: information; place cells; time cells; rate of spikes; time of spike generation; oscillations;
synchronization; coherence

1. Introduction

How the brain encodes external signals is a fundamental question in both philosophy and
cognitive neuroscience. The concept of “neural coding” suggests that patterns of cellular activity
represent some kind of external correlate of events. In its most direct interpretation, activation of a
neuron or a population of neurons is understood as a signal about the presence and strength of an
external stimulus or an internal signal. In addition, neural activation allows us to assess how the
relationship between the outside world and activity changes during the learning process [1]. Thus,
with a known approximation [2], neural coding refers to the processes by which external stimuli
and/or acquired knowledge are reflected in neural activity and ultimately control behavior. Research
in this area aims to explain these processes by identifying the mechanisms responsible for recognizing
stimuli and executing behavioral responses. For example, the firing rate of a neuron may increase as
the intensity of a stimulus increases. This dependence is often described by a mathematical function
such as an activation function or a tuning curve. The concept of neural coding by means of a tuning
function [3] suggests that neurons encode stimuli by comparing the characteristics of a stimulus with
the firing rate. In addition to the firing rate, the generation time of action potentials (time coding, also
known as phase coding) also plays a critical role in neural coding. Temporally-spatially correlated
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changes in the pulse mode in populations of neurons form the neural basis of sensory representations
[4].

Both the frequency and time of spike generation in the hippocampal system depend on fine-
tuning the functioning of the cells of its constituent structures; this, in turn, is determined by local
field oscillations in these structures, since they rhythmically alter neural excitability [5,6].

Back in the middle of the last century, Adrian, working on the mammalian brain, showed that
research behavior and cognitive task solving are accompanied by the appearance of rhythmic
(oscillatory) activity [7]. Since then, many studies have been conducted demonstrating the connection
of cognitive activity with brain rhythms, which have led to various hypotheses about the origin and
functions of oscillations.

Several types of field rhythmic activity, or oscillations, are generated in the hippocampal system
(the hippocampus proper, the dentate gyrus, the entorhinal cortex, and the subiculum). They are
recorded both in humans in clinical conditions from the surface of the skull (EEG) or during
neurosurgical operations by means of electrodes implanted in the brain (intracerebral EEG, iEEG),
and in various animal species, from rodents to monkeys, in neurophysiological experiments (local
field potentials, LFP). Numerous studies conducted in the registration of activity in the brain of
mammals, including humans, as well as in model computational studies, have suggested the
important role of oscillations in brain function, in particular, in the performance of cognitive
functions.

At the basic level, neural oscillations reflect the synchronous and rhythmic switching of neural
populations between states of high and low excitability [8,9]. As a result, most neurons in a group of
functionally connected cells are more likely to generate action potentials during the high excitability
phase. As for the role of oscillations in the cognitive work of the brain, they are supposed to be
involved in performing many operations: selection of sensory information [9,10]; analysis/separation
of complex input streams [11,12]; the ordering of information transmitted by firing rate by encoding
the spike phase [13]. It was also assumed that at a certain frequency, the oscillations are dynamically
synchronized in order to combine a group of neurons into a cellular structure (ensemble) to perform
a specific brain task [14]. Oscillations also provide temporary coupling of distant neural ensembles
to improve information transmission [15-17], encoding and extracting information from memory
[17-20], as well as participation in the implementation of the processes of attention and memory
themselves [10,19-23]. In this review, only individual functions performed with the participation of
oscillations will be considered in detail, mainly encoding information. In addition, the unresolved
question of the specific role of oscillations of the main types generated in the hippocampal system in
cognitive functions, in particular, in encoding, consolidating, and extracting information, will be
considered.

Understanding the mechanisms of these processes in detail is very important, since the
hippocampus is one of the main areas involved in the development of dementia in Alzheimer’s
disease, which is an increasing social and medical problem; a correct theory in this regard may lead
to the creation of new approaches for the diagnosis and treatment of the early stages of this disease.

2. The Participation of Oscillatory Processes in Information Encoding

2.1. Types of Oscillatory Activity of the Hippocampal System and Their Relation to Information Processing

Oscillations of different frequencies involved in information processing and encoding are
generated in the hippocampal system as a result of complex interactions within neural networks,
which may include glutamatergic pyramidal neurons of hippocampal fields and granular and mossy
cells, GABAergic interneurons (IN), intrahippocampal connections and external inputs (see [8,21,24—
29)).
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2.1.1. Types of Oscillations

Theta oscillations. The most distinct and high-amplitude rhythmic activity recorded in the
hippocampus during exploratory behavior is the theta rthythm (~4-12 Hz), which has a sinusoidal
shape (see Figure 1). It was first discovered when recording LFP in the hippocampus of rabbits by
Jung and Kornmuller [30], where they occurred both spontaneously and in the form of reactions to
sensory stimuli. It was later shown [31] that dominant theta activity can also be found in the human
hippocampus.
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Figure 1. A representative representation of the types of hippocampal activity. A-D. Theta and gamma
oscillations. A. Activity during movement (exploratory behavior); theta oscillations with gamma oscillations
superimposed on theta waves are visible at the top, gamma rhythm is represented at the bottom. B. Isolated
theta wave with gamma oscillations “coupling” on it. Gamma activity reaches its maximum value in a certain
part of the theta cycle, namely at the peak of the theta wave. C. Activity during immobility; it can be seen that
both theta and gamma oscillations are less pronounced than those during wakefulness. D. A spectrogram of
activity during movement, showing the presence of theta and gamma peaks (the latter is indicated by an arrow).
The numbers on top of the entries indicate the bandwidth. E. Ripple oscillations during immobility: (a) an
episode of ripple oscillations (above) accompanying a sharp wave (below); The numbers at the top of the
recordings indicate bandwidth; (b) another example of ripple oscillations (above) with high temporal resolution
(below) recorded in a motionless, awake rat Source: [24]. F. Neural code organized by theta and gamma

oscillations. (a) Superimposed extracellular (low-frequency theta activity) and intracellular (higher-frequency
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gamma activity) simultaneous recordings in the hippocampus, it can be seen that the amplitude of gamma
oscillations is modulated by the phase of the theta rhythm. (b) The theta-gamma code scheme. The ovals at the
top represent the states of the same network during two gamma cycles (active cells are indicated in black and
form an ensemble encoding a specific element). Different ensembles are active in different gamma cycles.
Sources: [24,175].

In humans, as in rodents, theta oscillations are especially noticeable during movement [32],
when selective attention is activated, but they can also be observed when motionless while solving
various cognitive tasks [33], i.e. movement is not a prerequisite for their generation.

After the first attempts to analyze theta oscillations [34,35], over the next few decades, other
researchers recorded theta rhythm in different animal species and proposed many functions for this
type of oscillation, from general activation (arousal) to various aspects of learning and memory
[10,21,32,33,36,37].

Beta oscillations. The beta rhythm (15-30 Hz) in the hippocampal system was first recorded in the
early nineties in both freely moving [38] and anesthetized rats [39]; however, it was much more
pronounced in the DG than in the CA1 field of the hippocampus [38,40]. The beta rhythm in the eye
appeared simultaneously with that in the olfactory bulb (OLB), from which the eye receives
information dysynaptically [41,42]. Other studies have shown that the beta rhythm in DG is not only
synchronized with the simultaneously recorded beta rhythm in OLB, but is also controlled by it
[43,44].

During the registration of LFP in the laboratory, when the rats performed various tasks for
associative learning, the presentation of a stimulus caused a decrease in the power of the theta rhythm
and a simultaneous increase in the amplitude of the beta rhythm. These changes persisted from the
moment the stimulus was presented to the moment the animal received the reward and were not
observed with similar behavior in the absence of appropriate stimuli. Thus, the observed opposite
changes in the amplitude of theta and beta oscillations in the DG may reflect a shift in information
processing that occurs when an animal encounters significant stimuli [45]. In this paper, the authors
also suggested that the observed oscillatory dynamics in the hippocampus indicates that the
hippocampus is shifting to a different state of information processing, with theta and beta rhythms
acting through different neural mechanisms.

Gamma oscillations. In addition to the low-frequency theta rhythm, “fast” oscillatory activity (25-
70 Hz) [46], now known as the gamma rhythm, has been studied in the hippocampus and the central
nervous system [24,47]. The authors reported that the power of rapid activity was higher during
walking and running (behavior associated with theta rhythm) compared with the power obtained
during immobility [46] (Figure 1, A-D). Later it was shown that the power of gamma oscillations is
not only higher during the behavior associated with the theta rhythm, but also that its power is
maximal at a certain phase of the theta cycle [24,47,48] (Figure 1, B). Then it became known that the
gamma rhythm band is somewhat wider, up to 100 Hz, in addition, it is divided into two main sub-
bands: a slow gamma rhythm (~25-50 Hz) and a fast gamma rhythm (~55-100 Hz) [19]. It is assumed
that the mechanisms of organization of slow and fast gamma oscillations are different, since they are
generated by different neural networks: the “fast” gamma rhythm is associated with a fast gamma
input from the medial entorhinal cortex (mEC) [49,50], while the “slow” gamma rhythm is controlled
by intra-hippocampal inputs, and Specifically, in the CA1 field, where it is most pronounced, it
depends on the signals coming from the CA3 field [49-51]. There is a report that the input signals
from the mEC and the CA3 field arrive at the CA1 field in different phases of the theta cycle [52].
Based on this fact, the point of view was born that fast and slow gamma rhythms have different
functions: while fast reflects the encoding of information, slow reflects its extraction [19]. However,
this statement requires additional verification, since facts have been obtained that do not
unequivocally confirm this point of view [53,54]. It is possible that the functions of gamma activity in
the hippocampal system in their interaction with theta oscillations are more dynamic and diverse
than previously assumed [55].
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Ripple oscillations. While theta oscillations and the associated gamma rhythm are most often
recorded during active (exploratory) behavior, with “automatic” behavior such as licking and
chewing/drinking, as well as during quiet wakefulness, another pattern of LFP is recorded in the rat
hippocampus, namely, high-amplitude irregular waves. This activity, first discovered by Vanderwolf
[56], is now better known as sharp wave-ripples (SWRs), which are irregularly occurring waves with
a duration of 40-100 ms, with superimposed oscillations with a frequency of ~120-500 Hz, most often
observed during slow-wave sleep or in a state of immobility when the context is not changing [46,57—
59]. Figure 1, F). In their foundational work on rats, Buzsaki and colleagues (1983) demonstrated [46]
that during SWRs there were bursts of cell activity, usually discharged by “complex spikes”,
considered as pyramidal neurons [60].

2.1.2. Oscillatory Activity and Signal Processing

It became known from [46] that in free-moving animals, hippocampal neurons discharged by
complex spikes, i.e. pyramidal cells, “fire” in a certain phase of the theta cycle, followed by inhibition
of activity in approximately the opposite phase of the theta wave; in this phase, inhibitory
interneurons of the hippocampus usually fire, discharging single spikes [60]. The pyramidal neurons
of the hippocampus are the “place cells”, or spatial cells, intensively studied to date, the discovery of
which was the first step towards creating a “brain positioning system” [61,62]. These cells discharge
in bursts of pulses at a certain point in space, increasing the firing rate by about 10 times (from 0.5 to
5 pulses/s) [63,64], i.e., the firing rate in this case encodes the location of the animal in space. It is
important that such cells are registered in active, free-roaming animals. In this case, each of them is
activated in a limited “field” of this neuron (Figure 2, A). The fields of the place show the current
location of the animal [61] and together form a cartographic representation of the space (terrain map)
[65]; see also [66-69]. Interestingly, place cells are stably discharged in their place fields during theta
rhythm-related behavior (for example, running), but are often not activated in these fields when the
animal is resting or sleeping, i.e. when the hippocampal network is in non-theta state [65]. Thus, in
order for the neurons to activate, the location of the rat in a certain place in the environment is a
necessary but insufficient condition; for this, the animal must behave in a certain way, i.e. be in a
“theta state”.

Subsequently, it became known that the bursts of activity of pyramidal neurons during SWRs
during sleep or during restful wakefulness correspond to a time-compressed reactivation of patterns
of activity of site cells during active wakefulness. [58,59,70,71]. It has been hypothesized that this
reactivation allows the hippocampus to transfer the experience originally stored in the hippocampus
to the neocortex as part of the memory consolidation process that occurs during sleep [20,70]. In [70],
it was shown for the first time that after active behavior, in subsequent sleep during SWRs, paired
correlations between cells of the site observed during wakefulness are reactivated.

When the animal is in the field of the place, not only firing rate of the cells of the place increases,
but also these discharges adjust to the phase of the theta wave (Figure 2, B). Thus, as the rat passes
through the field of the place, these cells first generate impulses in the late phases of the theta cycle,
and then gradually at earlier and earlier phases; this is due to the fact that the inter-spike time interval
is slightly shorter than the generation time of the theta cycle [72,73]. This phenomenon, called theta
phase precession, has been reproduced in many records (for example, [63,74-77]); it shows that the
phase of spikes relative to network oscillations encodes space. This code can contribute to the
construction of a cognitive map that allows objects to be associated with the animal’s location [78-
80]. The theta rhythm phase, in which a place cell is discharged, predicts the animal’s position more
accurately than the average frequency of neuron discharges [75]. This effect is called phase coding.

Place neurons are not independent elements in the hippocampus: several studies have
demonstrated dynamic interaction between pyramidal neurons and interneurons (IN), as well as the
involvement of IN in spatial coding [81-84]. For example, in [83] using in vivo electrophysiological
recordings, a dynamic interaction between IN and place cells was revealed. The authors showed
complementary spatial activation, namely, a negative spatial correlation between interneuron—
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pyramidal cell pairs. In the region where the place cell is activated, the paired interneuron is not
activated, and vice versa, and this is observed in both monosynaptic and non-monosynaptic
connections. Such an interaction is much more likely for nearby pyramidal cells and interneurons
than for distant neurons [47]. Interestingly, one interneuron can have at least two negatively
correlated site cells [83].
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Figure 2. Activity of place cells and time cells in the hippocampus. A. Activity of place cells. Aa — the ranks of
the cells of the place; each row of colored stripes indicates the ranks of certain “cells of the place”, which have
their own “fields of the place”. The ensemble of place cells is sequentially activated when the rat passes through
the fields of the place during active wakefulness. Calibration: 500 ms. Ab is an example of a sharp wave (SWR)
(above) recorded during the subsequent rest of a rat (bandpass filter 150-300 Hz); spikes from the same ensemble
of cells shown in Aa are reproduced in a compressed time scale. Calibration: 50 ms. Source [19]. B. Trajectories
of the rat movement and cell firings of the revenge cage. Ba — the trajectories of a rat’'s movement through a field
of space in two attempts when moving at different speeds, fast and slow. Bb are the spikes of one neuron of a
place and a simultaneously recorded theta rhythm in the same two attempts; horizontal double arrows indicate
the time it takes for the rat to run through the field of a place. Bc: — the number of pulses in the field of the neuron
location in two samples; it is seen that it is the same in samples with slow and fast running. Source [22]. C. Firings
of time cell. Ba is an experimental design of a problem with spatial alternation in a T-shaped maze: rats moved
along two paths in a T-shaped maze (indicated by black and gray arrows) alternately, and ran in a wheel between
them. The Bb plot of the activation frequency of the cellular ensemble shows the normalized firing rate of 30
neurons during the period of running in the wheel (each row shows the activity of one neuron); the plot shows
that different hippocampal neurons were activated at different times during running in the wheel, and that the

total activation of neurons covered the entire period. Source [103].

Recent studies have confirmed these previous findings, which assessed the relationship between
pyramidal cells and IN. Recently, [85] used a method for labeling and recording the activity of a single
pyramidal cell and its presynaptic neurons connected by direct synapses in the hippocampus of mice.
In these experiments, the animals were allowed to run around the tape, with various tactile signals
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placed. This study demonstrated the formation and maintenance of the site field of this pyramidal
cell and the dynamic interaction of neurons. The presented results refute the idea that the spatial
modulation of interneuronal activation was just a reflection of the input signals received by the
pyramidal cells. Thus, the cells of the site are regulated by IN networks that coordinate the
synchronization and coordination of cellular ensembles for processing spatiotemporal information
transmitted by pyramidal neurons [86].

It has been revealed that the activation of place cells varies depending on where the animal was
in the recent past or where it is going in the future [87-89]. Moreover, the activity of place cells
becomes more proactive with experience: they begin to activate earlier than in the center of their place
fields, as animals gain experience in the environment [20,90-93]. In particular, it has been shown that
simultaneously recorded place cells provide highly accurate dynamic representations not only of the
animal’s current location in the environment [94], but also of the environment it has experienced in
the past [95-97], i.e. their activity reflects elements of encoded memory.

Since the end of the last century, it has become known that the activity of the pyramidal cells of
the hippocampus represents not only spatial, but also non-spatial information, namely olfactory [98],
tactile [99], auditory [100], gustatory [101], information about reward, regardless of spatial location
[102], as well as information about the time of the event [101,103-107].

It was shown for the first time in [103] that the main (pyramidal) cells of the hippocampus
represent time. In this study, rats were trained to run on a treadmill for a fixed time during a delay
period in a delayed-alternation memorization task (see Figure 2, C). Notably, it was found that
hippocampal cells are stably activated at certain points during the delay period, suggesting that
hippocampal neurons represent temporal aspects of episodic memories. Subsequent studies by other
groups of authors confirmed the existence of such “time cells” in the hippocampus [104,105,108-110],
and demonstrated that these cells respond specifically to the passage of time, and do not simply
reflect the accumulation of pathway integration signals during movement [111].

The discovery of time cells has revealed a potential mechanism for encoding the time of events
in episodic memory. Time cells are hippocampal neurons that are activated at certain time intervals,
even when the animal remains in the same spatial position [112]. Temporary cells are especially
important in tasks requiring memory maintenance during the waiting period, for example, in the task
of delayed spatial alternation, and are especially important if rats run in a treadmill [103] or on a
treadmill [111] (see Figure 2, C). The identification of the existence of temporary cells raises important
questions about the mechanism of their functioning. Recent studies using functional MRI have shown
that cognitive spaces defined by continuous measurements are represented in humans by the
hippocampal-entorhinal system [113,114]. In [101], taste-induced responses and spatial properties of
individual neurons in the CA1 field of the dorsal hippocampus were studied in rats. In this work, the
rats, being in a certain spatial context, received a battery of gustatory stimuli, differing both in
chemical composition and taste qualities. A subset of hippocampal neurons that responded to taste
was identified, and some of them were place cells. The results showed that reactions to place and
taste can co-exist within the same hippocampal neurons, and that these modalities influence each
other. Reactions to taste and place clearly interacted: the cells responding to taste, as a rule, had less
spatially specific activation fields, and the cells of the place reacted only to those tastes that were
attractive to animals, while taste reactions were observed only within the field of the place of this cell.
Interestingly, taste reactions in the hippocampus appeared several hundred milliseconds later than
reactions in other parts of the taste system. This suggests that the hippocampus does not influence
taste decisions in real time, but only relates the value of tastes to a specific context. These observations
expand the understanding of the cognitive map of the hippocampus as a system encompassing both
spatial and non-spatial aspects of the environment. [99,100,111,115]. The authors conclude that the
inclusion of taste responses in existing hippocampal “maps” may be one of the ways in which animals
use past experiences to find food sources. It is important that the oscillations are involved in the
realization of taste reactions in animals as well as in the organization of reactions to their position in
space.
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Many studies have shown that hippocampal and cortical theta activity are associated with
successful encoding of memory [116,117], in particular, with encoding and retrieval of episodic
memory [118] and declarative memory in general [32,37,119]. At the same time, theta oscillations are
assumed to be a key physiological mechanism mediating interactions between the hippocampus
(CA1 region) and the prefrontal cortex [120-124].

In this aspect, the dentate gyrus (DG) occupies a special place in the hippocampal system. It is
believed that DG plays a key role in the formation of dissociative representations of memory for
similar contexts, which is a process known as pattern separation; this is due to the fact that DG
dominates a large number of main neurons receiving a relatively small number of excitatory input
signals [125,126]. Like the pyramidal cells of the hippocampus proper, granular and mossy DG
neurons are cells of a place and also respond to non-spatial, in particular, to olfactory stimuli
[127,128]. Granular DG cells receive olfactory signals through the lateral entorhinal cortex (LEC) [129]
and can specifically encode odor identity [130]. In addition, the cells of the hippocampal CAZ2 field,
which receives signals from granular cells [131,132], selectively respond to social odors [133]; These
results suggest the existence of neural and network mechanisms in the brain that may contribute to
the processing of social information by the hippocampal system. Interestingly, when training animals
using olfactory signals, short rhythmic bursts of beta activity were recorded in the eye and the CA1l
field during the selection of an odor, followed (importantly) by the correct behavior of the animal.
These beta flashes demonstrated phase coherence with beta oscillations in the LEK and OLB and
correlated with the onset of learning and the formation of neural ensembles. [43,45,134,135]. Overall,
these results support the hypothesis that beta oscillations in the rodent brain mediate the connection
between olfactory and hippocampal circuits.

All these facts suggest that the “cognitive map” of the hippocampal system stores a variety of
experiences associated with certain places in the environment, and that the hippocampal network is
involved not only in navigation, but also in various behavioral responses guided by memory [136],
and in cognitive processes in general [100]. Thus, the spatial representation is just an example of a
more general mechanism for encoding continuous, task-relevant variables. [28,88,113,137]. Indeed,
since most everyday experiences involve moving to different places and/or observing different
objects and events at different times, and thus contain many spatial and sensory variations, the cells
of the hippocampal system track these continuous changes in space and time
[22,66,100,103,105,127,128,138].

Considering that hippocampal cells encoding both spatial and non-spatial information are
activated only during behavior accompanied by the appearance of a theta rhythm, and are discharged
in a certain phase of the theta wave, it indicates that theta oscillations control the activity of these
neurons; therefore, they are involved in encoding many types of signals.

The important role of oscillations, in particular theta rhythm, in encoding information is clearly
shown in [139], where the question was raised whether synchronization of neural activity through
oscillations is really necessary for the performance of cognitive functions, and is not an
epiphenomenon. This study postulated that the hippocampus and entorhinal cortex, which are
essential for learning and memory, exhibit pronounced theta oscillations (6-9 Hz) controlled by
pacemaker cells in the medial septal area (MSA). In the above work, mice were trained to perform
the task of delayed spatial alternation using a figure-of-eight maze; at the same time, MSA neurons
projected to the hippocampus were optically stimulated with pulses of different frequencies. It was
shown that under such stimulation, the patterns of neural activity of the hippocampus and entorhinal
cortex were strongly involved in rhythmic stimulation of the MSA. However, despite the strong
involvement, at stimulation frequencies equal to or below the endogenous theta frequency, there
were no impairments in the performance of the spatial working memory task. These disturbances
occurred only at frequencies > 10 Hz, and only when the stimulation was performed while the animal
was in those segments of the maze where coding takes place (choosing a direction or deciding on the
direction of movement). The authors state that these results confirm the long-held hypothesis about
the role of theta oscillations in memory encoding; in addition, they also show that later phases of
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information processing are very resistant to significant changes in theta rhythm frequency and do
not interfere with memory formation. Thus, neural computations during the encoding phase were
selectively disrupted by damage to the synchronization of neural activity patterns, which proves the
essential role of oscillations in cognitive function [139].

The study of oscillations in the human brain has been conducted since the end of the last century.
While extensive research conducted on rodents has used a variety of approaches, the study of
information encoding and memory in humans has traditionally focused on more abstract speech
tasks. In [116], the power of theta and alpha rhythms was evaluated during information encoding
when performing the task of memorizing words and recalling them later. The results showed a
significantly higher power of the theta range during encoding of words that could be recalled in a
subsequent recall task, compared with the power of the theta rhythm when encoding words that
could not be recalled later. Unlike the theta band, the power of the alpha band decreased during
encoding. However, in the alpha range, there were no significant differences in the naming of
remembered words compared to non-remembered ones. In another paper [140], the hypothesis was
tested that the processes of encoding and extracting information in episodic memory are primarily
reflected in an increase in the power of the theta rhythm associated with the task. The participants
performed a word recognition task upon presentation of a list consisting of 192 names. The
electroencephalogram was recorded during the learning phase and the recognition phase. The results
showed that only those words that were subsequently correctly recognized were associated with a
significant increase in the power of the theta rhythm during presentation, i.e. encoding. A significant
increase in the power of theta oscillations was also found in the recognition process only for correctly
memorized words.

In [141], intracerebral electroencephalographic (iIEEG) recordings from the medial temporal
lobes (including the hippocampus and neocortex) were analyzed in 12 patients with epilepsy (in
remission) during the continuous word recognition paradigm, in an attempt to correctly recognize
repeated words and correctly identify new words. Both the correct recognition of repeated words
and the correct identification of new words caused an increase in theta and gamma oscillations in the
hippocampus. however, the recognition of repeated words was accompanied by a slight increase in
rhythms, while the recognition of new words showed a significant increase in theta oscillations
(Figure 3). Thus, the results obtained indicate the involvement of theta oscillations in encoding and
reproducing memory in the hippocampus and cortex [141] and, moreover, confirm their participation
in the allocation and registration of new signals by the hippocampus [10].

Recognition of familiar words |dentifying new words

Figure 3. Enhancement of oscillatory theta and gamma activity during cognitive task solving. A color map
showing the enhancement of theta and gamma oscillations in the human hippocampus during the cognitive task
of word recognition. The average power values recorded in the hippocampus when recognizing familiar words
(on the left) and when correctly selecting new words (on the right). On the abscissa axis: time, ms; on the ordinate

axis: frequency, Hz; the oscillation power is color-coded. Source [141].

Similar results were obtained in [117]. Using recordings from 793 widely distributed cortical and
subcortical regions in 10 patients with epilepsy undergoing invasive monitoring, the power of
oscillations at frequencies from 2 to 64 Hz was compared when participants studied lists of common
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nouns. A significant increase in the oscillation power during encoding predicted subsequent
reproduction, and this effect was mainly manifested in the frequency ranges 4-8 Hz (theta) and 28-64
Hz (gamma). The areas showing increased theta activity during successful encoding were
concentrated in the right temporal and frontal cortex, while the areas showing increased gamma
activity appeared bilaterally in widespread cortical areas. These results indicate that theta and
gamma oscillatory activity in a wide network of cortical regions is involved in the formation of new
episodic memories [117].

Recent human studies have begun to use not only abstract speech tasks, but also virtual
navigation tasks in combination with electrophysiological recordings (see [32]) These studies have
shown that the medial temporal region (temporal lobe, MTL, which includes the hippocampus,
entorhinal, peririnal, and parahippocampal cortex in humans) is characterized by a population of site
cells similar to that previously observed in the rodent brain. Moreover, theta oscillations in MTL were
associated with spatial navigation and, more specifically, with encoding and extracting spatial
information.

In a recent paper by Denisova and co-authors [142], they studied the encoding of complex
stimuli by the human brain in the process of configurational learning. Unlike elementary learning,
such learning critically depends on the hippocampus [143,144]: it is believed that it is the
hippocampus that provides the opportunity to create holistic configurational representations of
complex stimuli [145-148]. In [142] (greatly simplifying its presentation), when using
magnetoencephalography, four elemental stimuli of different modalities (two visual and two
auditory) and two complex multimodal stimuli composed of elemental stimuli were used; the
influence of the specificity of responses due to the modality of stimuli was excluded by averaging
reactions. It was found that the power of theta oscillations was higher in response to a complex
stimulus compared to elementary stimuli, i.e., that encoding complex multimodal stimuli involves
theta oscillations to a greater extent than encoding elementary stimuli. In addition, this study
confirms that the creation of holistic representations of complex stimuli is a consequence of the active
involvement of the hippocampus in encoding such stimuli.

2.2. Phase Synchronization of Rhythms and Its Role in Information Processing and Encoding in the
Hippocampal System

External or internal stimuli/events lead to synchronization of brain rhythms and, thus, form a
more complex functional phenomenon known as phase coherence or phase coupling [149-151]. Phase
synchronization of rhythms of the same frequency (for example, theta oscillations) can be observed
between different structures; in this case, they speak of intra-frequency phase synchronization or
coherence.

2.2.1. Intra-Frequency Phase Coherence (IFC).

The standard phase coherence shows the relative constancy of the phase difference between
oscillations of the same frequency [152,153] (Figure 4, A) In many studies, the question has been
studied: what is the role of phase coherence of oscillations? It is assumed that, firstly, it provides time
windows for optimal communication between individual areas of the brain in which oscillations of a
given frequency range are generated [6], i.e., the phase coherence of the oscillations generated in
certain brain structures supports communication between them. This is achieved due to the fact that
the IFC allows several synaptic inputs to simultaneously reach the postsynaptic neuron [154,155].
Secondly, phase coherence supports neural plasticity, which is known to underlie memory processes.
Thus, studies on humans and animals have shown that IFC is more pronounced and accurate when
encoding information that was later well remembered, as opposed to encoding information that was
poorly remembered [156-159]. Thus, the phase IFC is important for effective memorization, which
requires appropriate pre-encoding of information. Thus, in [159], the interaction of the hippocampus
and the medial prefrontal cortex and its significance for learning and memory consolidation were
studied; for this purpose, theta coherence between these two structures was measured in rats learning
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new rules of behavior (for receiving rewards) in a Y-shaped maze, in one of the rays of which food
reinforcement was located. Coherence reached its peak at the point of choice (decision-making),
where the rat should determine the direction of rotation; at the same time, coherence was strongest
after mastering the task rule and achieving a high degree of learning (Figure 4, B-C). At the same
time, the pyramidal neurons of the prefrontal cortex reorganized their activity, discharging mainly
in the area of the minimum theta wave in the hippocampus, due to which synchronously firing cells
(cellular ensembles) appeared; this synchronous state may be the result of increased interaction
between interneurons and pyramidal cells. The activity of cell ensembles of the prefrontal cortex,
which occurred during high coherence with the hippocampus, was usually reproduced during
subsequent sleep, simultaneously with acute hippocampal waves (see Figs. Thus, the theta coherence
of the hippocampus and prefrontal cortex during wakefulness can lead to synchronization of spike
activity, “marking it” for subsequent consolidation of memory during sleep [159]. This confirmed the
results of earlier work [121]. Based on this kind of data, it has been suggested that IFC can promote
spike timing-dependent plasticity (STDP) [160,161], which makes it possible to encode information
not only with the frequency of action potentials, but also with the spike-theta phase ratio (phase
coding) (see also [162,163]. It is important to note that both oscillatory coherence and phase
synchronization of impulses in the prefrontal cortex support the performance of spatial memory tasks
[119-121,164,165].

Coherence
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Figure 4. Phase coherence increases at the decision point during training. (A) A scheme representing relatively
synchronous theta activity in two structures (i and ii) (on the left) and a plot showing the degree of coherence (~
0.70). Source [27] (B) Instantaneous theta coherence of the hippocampus-prefrontal cortex (color-coded) for one
test (top view). Each colored dot represents the average value for 100 ms. It can be seen that high coherence
values appeared when the rat began to deviate towards the selected arm. The gray background lines correspond

to the trajectories of the rat until the end of the session. Color coding scale: min = 0, max = 0.9. (B") “Coherence
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map”: the average theta coherence of the HPC-Pfc recorded at each point of the maze. The data is averaged over
all sessions. Scale ruler: min. = 0, max. = 0.6. (C) The theta coherence of the hippocampus-prefrontal cortex
increases with learning. Above: average coherence for positions along the maze before (black) and after learning
the rule (red) for one session; coherence increases at the moment of decision-making after learning the rule.
Below: a color raster plot of theta coherence depending on the position in the maze for each attempt before and
after training (horizontal dotted line, black dots on the right indicate erroneous attempts) in one session. Gray
bar above: significant learning effect, p < 0.05 (two-factor analysis of variance followed by a posteriori t-tests).
(D) The relationship between coherence at the decision point and learning (the correctness of the task). The
ordinate axis shows the percentage of correct answers for all tests whose coherence at the decision point exceeds
55% along the abscissa axis. Source [159].

These results were developed in [166,167], where simultaneous recordings were performed in
the hippocampus and prefrontal cortex to study whether the neural populations of the hippocampus
and cortex could coherently encode spatial position, given their strong theta-mediated interaction. In
these studies, results were obtained indicating the existence of a mechanism of temporal structural
coordination mediated by theta rhythm for the joint processing and transmission of spatial
information between two networks (hippocampal and cortical) during spatial memory-driven
behavior.

2.2.2. Cross-Frequency Phase Theta-Gamma Coherence (CFC).

Similar to intra-frequency synchrony, CFC can serve as a mechanism for regulating
communications between different networks [168-170]. Here it is necessary to note the existence of
two types of phase relationship between theta and gamma oscillations, namely: (1) phase-amplitude
CFCh, which determines the relationship between the phase of a low-frequency rhythm and the
amplitude of high-frequency oscillations [50,151,171] (see Figure 5), and (2) phase-phase CFCh (or
“n:m phase synchronization”), in which several gamma cycles are captured by a single theta cycle

[172-178].
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Figure 5. Cross-frequency phase-amplitude coherence.The theta modulation of the gamma rhythm amplitude
in the hippocampus increases as the rat learns. A. The behavioral paradigm (schema tasks): The animals needed
to learn how to associate contexts (represented by different shades) with objects (represented by yellow and
blue) in order to receive rewards. Before presenting the items, a 40-second context study period is given. The
two contexts (a or b) differed in the degree of shading of the floor and walls; the objects (X or Y) differed in their
smell and the medium with which the pots were filled. B. A typical phase-amplitude chest diagram. On the left:
a color map showing the average amplitude of gamma oscillations depending on the theta phase recorded in the
pyramid layer of the CAS3 field during the context study for each sample in the session. On the right: The average
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amplitude of gamma oscillations as a function of the theta phase, averaged over the first and last 20 trials. Source
[187].

What functions can theta-gamma CFC perform? In the study of the nature of phase-phase CFCh,
in [175] it was hypothesized that various gamma cycles within the theta wave can serve as a substrate
for ordering sequences of elements in memory (see Figure 1 G). The authors also suggested that
pauses in neural activity between individual elements are crucial for accurate memory reading; it
was considered that gamma oscillations provide such pauses in neural activity between sequentially
presented elements in memory.

In the same aspect, three separate gamma bands (slow, 30-50 Hz, medium frequency, 50-90 Hz,
and fast 90-150 Hz) were identified in the hippocampal CA1 field in rats during their exploration of
the maze and during REM sleep [174]. A reliable phase relationship was found between the theta
band and the slow and medium frequency gamma bands; they had an integer ratio with the theta
rhythm (5:1 and 9:1, respectively), and, in addition, the power of both gamma rhythms was phase-
modulated by theta waves. The authors suggested that phase-to-phase CFC can support multiple
temporal control of neural activity within and between structures.

The encoding of information using phase-to-phase CFC pulses has been illustrated using
computational models [15,179,180] and experiments on humans [168,181]. The precise temporal
coordination of neural activity at different time scales through cross-frequency phase-phase CFC can
be used by the brain both for information transmission and for time-dependent plasticity of impulses
[180,182,183]. Thus, the phase-to-phase CFC provides a physiological mechanism for binding activity
having a different frequency. It is considered a significant characteristic of neural activity in various
species, from rodents to humans: its severity correlates with the success of completing tasks [184—
186]. In experiments on rats for learning behavior in a maze, animals demonstrate, in addition to
increased synchronization of the theta rhythm between the prefrontal cortex and the hippocampus,
also increased synchronization of theta and gamma rhythms [121,187] (Figure 5).

The interaction of theta and gamma rhythms in the hippocampus may play a key role in
coordinating the encoding and retrieval of information during exploratory behavior. It was shown
that the habituation of rats to the environment before their testing caused an increase in theta/gamma
phase-amplitude conjugation during further memory reactivation [188]. This is also indirectly
indicated by recent results obtained in rats that examined previously known objects [54] and in
patients with refractory epilepsy [189]. These results imply an increase in theta/fast gamma phase-
amplitude conjugacy in updating previously formed memory traces.

In the human brain, according to MEG and iEEG data, there is a phase-to-phase CFC in the theta
and gamma ranges in the hippocampal memory networks. In [190], it is assumed that phase-to-phase
CFC integrates signal processing in synchronized neural networks from theta to gamma frequencies
in order to link sensory functions with attention function.

Conclusion

Neural coding means the representation of external signals and internal events, including
learning and memorization, in the electrical activity of nerve cells and, ultimately, the activity of
neural networks and behavior. Numerous studies indicate the important role of oscillations in
information processes in the brain.

Theta oscillations are generated in the hippocampus and related structures during active
exploratory behavior and during solving various cognitive tasks while stationary. By now, it has
become clear that the main and necessary condition for generating a theta rhythm is the processing
and encoding of information entering the brain when attention is turned on. The neurons of the
hippocampus and dentate gyrus, encoding both spatial and non-spatial (auditory, olfactory,
temporal, tactile, gustatory, etc.) information, are activated only during theta behavior, discharging
in a certain phase of the theta cycle. This indicates that theta oscillations control the activity of these
neurons, therefore, they are involved in encoding many types of signals.
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Gamma oscillations are closely related to the theta rhythm, and often coincide with it in time.
Gamma oscillations differ in frequency: the existence of a low-frequency and high-frequency gamma
rhythm has been discovered. It is assumed that the gamma rhythm of different frequencies performs
different functions, encoding and extracting information; however, this issue will have to be finalized
in the future.

While theta oscillations and the associated gamma rhythm are recorded in the hippocampus
during active (exploratory) behavior, during “automatic” behavior, as well as during restful
wakefulness and sleep, high-amplitude irregular activity known as sharp wave-ripples is recorded
in the hippocampus. SWRs). It is now known that bursts of activity of pyramidal neurons during
SWRs during sleep or during restful wakefulness correspond to a time-compressed reactivation of
patterns of activity of site cells during active wakefulness. This indicates that this reactivation allows
the hippocampus to transfer the experience originally stored in the hippocampus to the neocortex as
part of the memory consolidation process that occurs during sleep.

Numerous studies conducted in laboratories around the world are devoted to the study of cross-
frequency phase coherence (CFC), namely, the phase relationship between theta and gamma
oscillations. It turned out that such a connection can serve as a substrate for ordering sequences of
elements in memory; support multiple temporal control of neural firings within and between
structures, and also provide a physiological mechanism for binding activity with different
frequencies. CFC is considered a significant characteristic of neural activity in various species, from
rodents to humans: its severity correlates with the success of tasks.

The hippocampal network uses common mechanisms to represent different behavioral tasks.
These mechanisms allow the hippocampus to form a flexible map of spatial and non-spatial stimuli
based on current behavioral requirements. Spatially localized place codes are a manifestation of a
common mechanism for encoding consistent relationships between behaviorally significant events.
This point of view suggests the role of cells of the hippocampal system and oscillatory processes in
maintaining cognitive processes in general.

The findings suggest that the “cognitive map” of the hippocampus stores diverse experiences
associated with specific locations in the environment, and that the hippocampal network, which
generates oscillations of different frequencies, is involved in various behavioral responses guided by
memory.

Funding: Russian Science Foundation, Grant/Award Number: 25-24-00080.

Abbreviations

DG - dentate gyrus

IFC - intra-frequency coherence

iEEG — intracerebral electroencephalogram
CFC - cross-frequency coherence

LEK - lateral entorhinal cortex

MSA - medial septal area

MEK - medial entorhinal cortex

OLB - Olfactory bulb

EEG - electroencephalogram

SWRs - ripple oscillations (sharp wave-ripples)
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