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Abstract: The brain rhythms are essential for information processing in neuronal
networks. Oscillations recorded in different brain regions can be synchronized and have a
constant phase difference, i.e. be coherent. Coherence between local field potential (LFP)
signals from different regions in the brain may be correlated with the performance of cognitive
tasks, from which it is concluded that these regions of the brain are involved in the task
performance together. In this review, we discuss why coherence occurs and how it is coupled
to the information transfer between different regions of the hippocampal formation.
Coherence in theta and gamma frequency ranges is described since these rhythms are most
pronounced during the hippocampus-dependent attention and memory. We review in vivo
studies of interactions between different regions of the hippocampal formation in theta and
gamma frequency bands. The kay provisions of the review: 1) coherence emerges from
synchronous postsynaptic currents in principal neurons, occurring as a result of
synchronization of neuronal spike activity; 2) synchronization of neuronal spike patterns in
two regions of the hippocampal formation can be realised through induction or resonance;
3) coherence at a specific time point reflects the transfer of information between regions of
the hippocampal formation, in particular, gamma coherence reflects the coupling of active
neuronal ensembles. Overall, coherence is not an epiphenomenon, but an important
physiological process that has certain generation mechanisms and performs important
functions in information processing and transmission across the brain regions.

Keywords: theta rhythm, gamma rhythm, coherence, local field potential,
hippocampus

Abbreviations: CCK neurons - cholecystokinin-containing basket neurons; EC —
entorhinal cortex; LFP — local field potentials; MEC — medial entorhinal cortex; MEC L3 — 3rd
layer of the medial entorhinal cortex; MS — medial septum, PV neurons — parvalbumin-
containing basket neurons

Introduction

Performing cognitive tasks requires dynamic coordination of activity across large
groups of neurons in different areas of the brain. Such coordination can be realized by
synchronization of neuronal activity by oscillations. One of the most commonly used methods
to study oscillations in the brain is the local field potentials (LFP) recording techniques. A
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large number of studies of the relationship between oscillations (rhythms) in the LFP and the
performance of cognitive tasks are presented in the literature. Numerous studies have
demonstrated that the coherence of oscillations between different areas of the brain is a
marker of information transfer between these areas (Fries, 2005, 2015; Womelsdorf et al.,
2007; Colgin et al., 2009; Carr et al., 2012; Yamamoto and Tonegawa, 2017; Nandi et al.,
2019; Jiang et al., 2020). In this review, we focused on the mechanisms of coherence
between LFP signals recorded in related subregions of the hippocampal formation and tried
to explain the role of coherence in information processing. Two types of oscillations, theta
and gamma rhythms, are mainly involved in the synchronization of neuronal activity in the
hippocampus during active wakefulness (Buzsaki, 2002, 2006; Buzsaki and Moser, 2013;
Colgin, 2016); therefore, we focused on these rhythms.

LFP are formed as a result of currents through the membranes of neurons (Buzsaki et
al., 2012; Einevoll et al., 2013). Currents through the membranes of pyramidal neurons make
a dominant contribution to LFP for two reasons. On the one hand, pyramidal neurons account
for 80% to 91% of the entire neuronal population (Jinno and Kosaka, 2006; Bezaire and
Soltesz, 2013). On the other hand, experimental estimates show that synaptic currents make
the largest contribution to LFP in the frequency range up to 100 Hz (Einevoll et al., 2007,
2013; Pettersen et al., 2008; Buzsaki et al., 2012). Synaptic contacts of axons coming from
other brain regions or from local interneurons are selectively located on the specific
compartments of hippocampal pyramidal neurons (Klausberger et al., 2003; Klausberger,
2009; Somogyi et al., 2014). This, together with the ordered structure of the processes of
pyramidal neurons, leads to the summation of synaptic currents in one direction between the
hippocampal layers (Einevoll et al., 2013). In our further discourse, we will rely on the idea
that only pyramidal neurons are involved in the formation of LFP in the frequency range up
to 100 Hz, i.e. in the frequency range of rhythms we are interested in.

Rhythms are formed as a result of the summation of potentials generated by a large
number of pyramidal neurons. It follows that coherent oscillations in two brain regions are
explained by the fact that pyramidal neurons in one region receive synchronous excitatory
or inhibitory input with a constant time delay relative to pyramidal neurons in the other.
Synchronous spike activity of a large number of neurons is of fundamental importance for
the generation of rhythms and coherence.

Numerous theoretical studies show that neuronal networks can generate synchronous
oscillatory activity in a wide range of neuronal parameters and connections in computational
simulations (Borisyuk and Hoppensteadt, 1999; Durstewitz, 2009; Wang, 2010). The
emergence of discharge synchronization has been shown both in networks of neurons
described by very simple models (Hopfield and Herz, 1995; Brunel, 2000; Borisyuk, 2002;
Brunel and Hansel, 2006) and in networks with very complex multi-compartment models of
neurons and synapses (Schneider et al., 2012; Cutsuridis and Poirazi, 2015; Bezaire et al.,
2016; Migliore et al., 2018; Ecker et al., 2020). Synchronization of neuronal activity may
result from the interactions by chemical synapses, gap junctions, and/or receiving a common
input. In the following sections, we will consider the mechanisms of synchronization and
coherence during the generation of hippocampal gamma and theta rhythms in detail. Let us
only note that neuronal networks' tendency to generate synchronous oscillations begets two
mechanisms of coherence. The first mechanism consists in the synchronous activity
induction from the neuronal network of one structure to another due to a strong input. The
second mechanism proposes that synchronization of oscillations in two brain regions may
occur due to resonance, even if the connections between those regions are weak. Both
mechanisms result in a constant time between discharges of neurons in two connected
regions. This in turn leads to the constant time between postsynaptic currents through the
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membrane of pyramidal neurons in neighbouring areas. Thus, oscillations in these areas
have a constant phase difference, that is, they are coherent. Below we provide examples
and discuss the role of each mechanism in creating coherence in the gamma and theta
frequency range in detail.

Mechanisms of synchronization in gamma-band

In the hippocampal-entorhinal network, the gamma frequency band is often divided into
slow (25-55 Hz, gammas), mid-frequency (55-80 Hz, gammam), and fast (80-120 Hz,
gammar) gamma oscillations (Belluscio et al., 2012; Schomburg et al., 2014). Some authors
do not single out gammam, calling all gamma frequency band >60 Hz “fast gamma
oscillations” (Colgin et al., 2009). The division of the gamma oscillations into several
frequency bands reflects differences in their LFP dynamics and behavioural correlates
(Colgin et al., 2009; Colgin, 2015a; Fernandez-Ruiz et al., 2017). In this review, we will stick
to dividing gamma oscillations into three frequency bands.

The mechanisms of gammam and gammas in the hippocampus are poorly understood.
It has been shown that the occurrence of gammam in the CA1 field may be caused by the
signals from the principal neurons of the 3rd layer of the medial entorhinal cortex (MEC L3)
(Colgin et al., 2009; Fernandez-Ruiz et al., 2017). In particular, high coherence is observed
between the activity recorded in the CA1 hippocampal field and the MEC L3 (Colgin et al.,
2009; Schomburg et al., 2014; Fernandez-Ruiz et al., 2017; Yamamoto and Tonegawa,
2017). Moreover, the power of gammam is highest in the layer of the apical tufts of pyramidal
neurons (stratum lacunosum-moleculare), the termination site for entorhinal afferents
(Schomburg et al., 2014; Fernandez-Ruiz et al., 2017). To the best of our knowledge, there
is no data on the involvement of interneurons in gammam generation. Thus, gammanm in the
CA1 field is probably a consequence of excitatory postsynaptic currents generated by EC
afferents and the mechanism of gammam coherence between CA1 and MEC is likely to be
simple rhythm induction.

A fast gamma rhythm is recorded in all areas of the hippocampus (Bott et al., 2016;
Lasztoczi and Klausberger, 2017; Trimper et al., 2017; Fernandez-Ruiz et al., 2021). The
maximum power of gammar is most often observed in the CA1 pyramidal layer near the
minimum of theta rhythm (Fernandez-Ruiz et al., 2017; Lasztéczi and Klausberger, 2017),
during the maximal activity of pyramidal neurons (Somogyi et al., 2014). These two facts
lead to the idea that gammar reflects the action potentials generation by the principal
neurons. But this is only a hypothesis that requires confirmation. It is very difficult to assign
the mechanisms of coherence between LFP signals from different hippocampal regions at
frequencies above 100 Hz, although gammar coherence has been shown in some works
(Fernandez-Ruiz et al., 2021).

Research on gammas is more numerous. It is now believed that gammas is generated
by parvalbumin-containing (PV) basket neurons (Colgin and Moser, 2010; Buzsaki and
Wang, 2012). In our further reasoning, we will rely on the fact that it is precisely the inhibitory
postsynaptic currents of synapses from the PV to the principal neurons generate gammas in
LFP. Gammas synchronization of PV neurons is provided by the intrinsic properties of
neurons and by the network mechanisms. PV neurons are practically devoid of adaptation
currents (Buhl et al., 1994; Wang and Buzsaki, 1996), in addition, their bodies are relatively
small, and as a result, the membrane has a low capacitance. These two properties result in
PV neurons being able to discharge at a high frequency (Wang and Buzsaki, 1996). And the
greatest resonance of their responses is observed in the gammas frequencies (Pike et al.,
2000; Cardin et al., 2010).
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Two main mechanisms of PV neuronal spikes synchronization during gammas have
been suggested. The first mechanism involves synchronization within the PV neuronal
population through gap junctions and inhibitory synapses (Wang and Buzsaki, 1996; Saraga
et al., 2006; Bartos et al., 2007). The second mechanism consists in the interaction between
PV and principal neurons (Csicsvari et al., 2003; Colgin and Moser, 2010; Buzsaki and
Wang, 2012). It has more evidence in the experimental data and is better explored in
theoretical models (Borgers et al., 2012; Keeley et al., 2017; Butler et al., 2018).
Nevertheless, both mechanisms do not contradict each other and most likely function
simultaneously, which makes gammas one of the most common rhythms in the brain.
Gammas oscillations have been observed in many brain regions, in a wide variety of
physiological states and in the experiments in vitro (Traub et al., 1996; Schneider et al., 2015;
Lundqvist et al., 2016; de la Prida and Huberfeld, 2019; Gilbert and Zarate, 2020). A high
tendency of neuronal networks to generate gammas leads to the possibility of resonance
between two connected brain structures, and as a result, to high coherence.

The described mechanism of gammas generation suggests a significant activity of the
principal neurons. In freely behaving animals, the highest discharge frequency is manifested
by neurons in the active neuronal ensemble, for example, the place encoding the current
animal position (Burgess and O’Keefe, 2011; Jeffery, 2011). Hence gammas may coordinate
the work of neuronal ensembles. It has been shown that discharges of pyramidal neurons
are stronger modulated by gammas when the animal is in the centre of their place field
(Senior et al., 2008). Other studies demonstrate that place cells discharging within the
gamma cycle show a strong correlation with each other's discharge pattern, suggesting that
they are part of the same neuronal ensemble (Harris et al., 2003). Based on these
considerations, it can be assumed that high coherence between the two regions of the
hippocampus coordinates the activity of neuronal ensembles in these regions and indicates
the transfer of information between them. This idea finds a lot of experimental evidence.
Studies in rodents (Montgomery and Buzsaki, 2007; Colgin et al., 2009; Carr et al., 2012;
Chang and Huerta, 2012; Zheng et al., 2016; Fernandez-Ruiz et al., 2017, 2021; Lasztéczi
and Klausberger, 2017; Trimper et al., 2017; Yamamoto and Tonegawa, 2017), monkeys
(Jutras et al., 2009; Montefusco-Siegmund et al., 2017), and humans (Fell et al., 2001,
2003b)_have shown that increased synchronization of hippocampal activity in the gamma
frequency ranges correlates with the performance of various behavioural tasks, as well as
with successful memory encoding and retrieval.

Role of gamma coherence in navigation

In freely moving animals (sometimes prompted to run by food or water reward), there
is an interaction between different regions of the hippocampal formation in gamma frequency
bands. Thus, in freely exploring rats during behavioural theta states, theta and gamma
oscillations in the EC were coupled with theta and gamma oscillations in the dentate hilar
region of the hippocampus (Chrobak and Buzsaki, 1998). Although more than 20 years have
passed since this study, it is not entirely clear whether the communication between different
regions of hippocampal formation is controlled by theta or gamma activity. Given that these
two types of oscillations often coexist and are coupled (Bragin et al., 1995; Colgin et al.,
2009; Belluscio et al., 2012), it is necessary to understand how they participate and interact
in the activity coordination of different hippocampal subregions.

An important finding was that different types of gamma oscillations, gammas and
gammam, were observed in the hippocampus while rats explored a familiar environment
(theta activity state) and that they selectively synchronize CA1 with different afferent inputs.
Gammas coupled CA1 to CA3, and gammam to MEC. A significant part of CA3 and MEC


https://doi.org/10.20944/preprints202105.0350.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2021 d0i:10.20944/preprints202105.0350.v1

neurons were phase-locked to CA1 gammas and gammanm, respectively. These two types of
gamma oscillations occurred at different phases of the theta rhythm recorded in CA1 and
often on different theta cycles (Colgin et al., 2009). If we assume that gamma synchronization
facilitates communication between brain regions (Womelsdorf et al., 2007), it is likely that
gammam promote transmission from MEC to CA1 and gammas underlie the transfer of
information from CA3 to CA1.

Later, it was found that in the CA1 field of the hippocampus during theta states gammas
prevailed in stratum radiatum, the termination site for CA3 inputs, while gammam was
observed in the stratum lacunosum-moleculare, the termination site for EC. In addition,
significant phase-locking was found between EC gammam LFP and unit spiking in CA1. The
authors also believe that gammas modulated the activity of CA3 pyramidal cells entrains
gammas in CA1 (Schomburg et al., 2014; Fernandez-Ruiz et al., 2017).

Registration of neuronal activity from the CA1, CA3, dentate gyrus (DG), MEC and
lateral EC (LEC) in rats during linear track running helped to confirm the assumption that the
activity of CA1 pyramidal cells is tuned by the interaction of competing CA3 and EC inputs.
The strength of these inputs reflects the power of gamma oscillations of a certain frequency
band occurring in different phases of the theta rhythm (Fernandez-Ruiz et al., 2017). Thus,
the activity of CA1 place cells is initiated by the MEC L3 input at the peak of theta wave when
the animal enters the place field and is associated with gammanm in stratum lacunosum-
moleculare. As the animal runs through the place field, the influence of MEC decreases and
the CA3 drive increases, as augment gammas in CA1 stratum radiatum (Fernandez-Ruiz et
al., 2017). In the CAZ3 field, in turn, gammas may originate from upstream DG microcircuits
(Bragin et al., 1995; Hsiao et al., 2016): DG gammas influence CA3 gammas and spike
activity of DG place cells is synchronized and phase-locked to CA3 gammas (Bragin et al.,
1995; Hsiao et al., 2016).

It is interesting to note that gammas and gammanm in the CA1, CA3 and EC were shown
to change differently depending on the running speed of the animal (Zheng et al., 2015).
With an increase in running speed, the power and frequency of gammanm increased in all
three areas, while gammas were significantly less dependent on speed. Firing rates of CA3
neurons were low at high running speed, whereas MEC firing rates were high. This allows to
suggest that gammanm is triggered by MEC at high running speeds and gammas is mediated
by CA3 at low running speeds (Zheng et al., 2015) . These results again support the
hypothesis that gammas and gammam likely present functionally different states in
hippocampal formation. In another study, the effect of the animal running speed was
investigated on the relationship between CA1 and DG. Within these regions, an increase in
the running speed also led to an increase in the power and phase-locking between theta and
gamma oscillations. At moderate running speeds, a significant coupling was found between
DG and CA1 gamma, although it was shown that CA1 gamma oscillations were mainly driven
by the local theta rhythm (Sheremet et al., 2020).

A study by Lasztdczi and Klausberger (Lasztéczi and Klausberger, 2017) in awake
head-fixed mice also report a significant phase coherence between DG and CA1 (str.
radiatum and str. pyramidale) at gammas during theta states. Furthermore, DG and CA1
gammas modulated the spike activity in the DG and CA1 (although to a lesser extent). All
this may indicate that DG and CA1 gammas are not independent (Lasztéczi and Klausberger,
2017) and rather reflect the same basic oscillatory process that regulates information
processing in the entire hippocampal formation, and possibly beyond it. On the contrary, DG
gammar (75-150 Hz) and CA1 gammar (92-150 Hz) were rather independent processes,
demonstrating low phase coherence and CA1 pyramidal layer unit firing independence of
DG gammar (although weak reverse modulation of DG units by CA1 gammar was noticed)
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(Lasztoczi and Klausberger, 2017). Activity in different layers of the CA1 and DG was studied
in rats during such a marker of the exploratory behaviour as rearing. During rearing an
increase in the frequency of theta oscillations was observed in all layers of CA1, as well as
coupling of CA1 theta rhythm to the amplitude of DG gammar (120-150 Hz). Additional
analysis indicated that during rearing signalling through the perforant pathway (through DG
from EC layer 2) increased and the MEC L3 input to the CA1 was weakening (Barth et al.,
2018).

A recent study under similar conditions (theta states during free behaviour) in rats found
that DG gammam amplitude was significantly coupled to the CA1 theta phase, but not vice
versa. Similarly, the amplitude of hippocampal gammam was coupled to the theta phase in
the prefrontal cortex (Nandi et al., 2019) , which corresponds to the direction of the
anatomical connections between these regions. The authors of this study believe that the
analysis of the phase-amplitude relationship between different areas of the brain can be used
to determine the relationship between the output activity of a rhythmic "driver" (gammam)
network and the input activity of a rhythmic "receiver" network (theta), thereby establishing
the direction and strength of information transmission (Nandi et al., 2019) . It should be noted
that both in the CA1 and DG, regardless of the behaviour of the animals (for example, running
or REM sleep), the theta and gamma coherence decrease across the septo-temporal (long)
axis of the hippocampus, and this decline is faster for gamma frequencies (Penley et al.,
2012) .

Also confirming the directionality of the anatomical relationships, another study showed
that the directions of theta and gamma cross- and within-frequency interactions were always
from the CA3 to CA1 field (Jiang et al., 2020). LFP recordings from these areas in freely
behaving rats allowed to demonstrate that CA3 gammas power adjusted the CA1 theta
phase, suggesting that CA3 gammas entrain CA1 theta oscillations (Jiang et al., 2020).

The rhythmical activity of hippocampal neurons in freely moving animals demonstrates
characteristic experience-dependent changes, namely, it differs in early and late sessions of
animal navigation in a familiar environment. In earlier sessions, when rats run along a linear
track for a reward, CA3 pyramidal neurons spike activity was lower, while that of EC neurons
and neurons in the deep layers of CA1 (EC efferents) was higher. CA1 neuronal spikes were
more strongly modulated by gammam and weaker by gammas. This, in general, probably
indicates a stronger MEC L3 influence on the CA1 activity in the first 4 sessions, which
decreases with time allowing the CAS3 input to gain control (Fernandez-Ruiz et al., 2017) .
The influence of the experience was also observed in the LFP of the CA1 pyramidal layer.
In the first minutes of the first session of the animals' traversing a familiar circular track with
randomly located food rewards higher increase in fast theta and a decrease in gammaswere
seen. The gammam power gradually decreased in each session, regardless of time,
indicating less influence of the experience on this frequency range (Gereke et al., 2018) .
The authors hypothesize that experience-dependent changes in hippocampal rhythms may
be associated with changes in the activity of place cells, appearing with learning.

Role of gamma coherence in learning and memory

The role of synchronization in gamma frequency bands across hippocampal formation
has also been investigated in various spatial memory and learning tasks. It has been shown
that different types of gamma oscillations can be involved both in encoding (Fell et al., 2003a;
Jutras et al., 2009; Tort et al., 2009; Fell and Axmacher, 2011) and retrieval (Montgomery
and Buzsaki, 2007; Schomburg et al., 2014; Fernandez-Ruiz et al., 2017; Yamamoto and
Tonegawa, 2017) of spatial memory and increased synchronization of gamma oscillations
between different areas may be a marker of better memory.
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Simultaneously recording of CA1, CA3 and DG LFP from rats during the performance
of a hippocampus-dependent delayed spatial alternation task on a modified T-maze
Montgomery and Buzsaki in 2007 found that gamma coherence between the CA3 and CA1
fields was enhanced. Importantly, gamma synchronization increased at the moment of
memory-based decision-making (before the T junction) (Montgomery and Buzsaki, 2007).
Later, it was shown that at such a moment (memory recall) the CA3-CA1 coupling increased
at the frequency of gammas (Schomburg et al., 2014). During the recall phase (central arm),
the firing rates of CA3 pyramidal cells and CA1 interneurons were significantly higher
compared to the lateral arms of the maze, where increased excitation of MEC neurons and
CA1 gammam power in str. lacunosum-moleculare were observed (Schomburg et al., 2014).
These results were confirmed in the further work of this group (Fernandez-Ruiz et al., 2017),
where the activity of neurons in hippocampal formation during the performance of a spatial
alternation task on a modified T-maze was studied in more detail. Among other things, it was
shown that in the central arm of the maze (memory-based decision-making point), the CA1
spiking activity was more strongly modulated by CA3 gammas, compared to the lateral arms.
If the wrong decision was made, no difference in neuronal activity was found between the
central and lateral arms. In addition, according to the authors' hypothesis, stronger excitation
of CA1 neurons by CA3 neurons in the central arm during memory recall led to reduction of
phase precession (Fernandez-Ruiz et al., 2017).

Memory reactivation associated increase in gammas power and gammas
synchronization between the CA3 and CA1 fields was also observed during sharp-wave
ripple events in another hippocampus-dependent spatial alternation task (change in the
position of the W-track), where higher levels of gamma synchrony correlated with better
memory (Carr et al., 2012). In contrast to the CA3 and CA1, successful performance of the
delayed spatial alternation task (correct arm choice in T-maze) was preceded by an increase
in gammar synchronization between the MEC and CA1 (Yamamoto and Tonegawa, 2017).
Thus, gamma synchrony across the hippocampal formation plays probably a central role in
the coordination of memory reactivation, maintaining the temporal organization of neuronal
ensembles.

Gamma synchronization is also involved in memory encoding processes. Thus, a study
in humans (epileptic patients) related successful performance of memorization tasks to
increased gamma-band (about 40 Hz) LFP synchronization (followed by desynchronization)
between the hippocampus and perirhinal/entorhinal cortex during memory formation (Fell et
al.,, 2001). Then it was shown that also theta coherence increased during successful
recognition memory encoding (Fell et al., 2003b). Further, a study in monkeys extended
these observations to hippocampal neurons, demonstrating that they are synchronized in
the gammam (> 60 Hz) during memory formation (successful encoding of novel images).
Hippocampal spikes were phase-locked among each other and with the LFP gammanm.
Moreover, the magnitude of synchronization was correlated with the success of subsequent
memory performance (recognition of new and repeated pictures) (Jutras et al., 2009).

During learning, the manifestation of gamma activity and its coupling to theta rhythm
are also changed. In the CA3 pyramidal layer of the hippocampus theta-gamma coupling
continuously increased (theta phase-gamma amplitude coupling) as the animals learned to
associate objects with the context. The task performance accuracy significantly correlated
with the strength of this coupling (Tort et al., 2009). An increase in the theta-gamma coupling
during the learning process was also shown for the CA1 in spatial memory tasks. As the
training session progressed, enhancement of theta-gamma coupling, as well as gammanm
power, along with a decrease in gammas power, were observed before the animal had to
make a choice based on previous experience (Nishida et al., 2014). However, in another
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study using a modified Barnes maze a decrease in theta and gammam power as well as their
coupling was found in the DG during learning. However, a learning-dependent increase in
theta-gammam coupling was shown in the DG but not in the CA1 at the vicinity of the target
area in the maze (Bott et al., 2016). These results conclusively demonstrate the functional
role of hippocampal theta-gamma coupling in learning, which may be a mechanism of
relevant information computation by different hippocampal regions.

In conclusion, the reviewed data show that gamma coherence between different parts
of the hippocampal formation is not an epiphenomenon, but a process that reflects the
interaction of active neuronal ensembles involved in the generation of complexity and
flexibility of animal cognition and behaviour.

Role of gamma coherence in novelty detection

A change in gamma coherence between different regions of the hippocampal formation
has been shown in novel object and novel object-place recognition tasks in a familiar and
novel environment (hippocampus-dependent spatial associative memory).

Chang and Huerta (Chang and Huerta, 2012) demonstrated in mice, that when animals
explored the environment (context), but not the new objects, there was an increase in gamma
and theta coherence between the dorsal subiculum and CA1 and within these structures.
When animals explored novel objects, the coherence between the dorsal subiculum and CA1
was low.

Probably, during contextual examination (when the animal navigates in the
environment), subiculum and CA1 participate in spatial information encoding, leading to high
subiculum-CA1 gamma and theta coherence. Conversely, during novel object exploration,
subiculum encodes recognition signals, probably coupling with the perirhinal and postrhinal
networks and reducing the connection with CA1, leading to low subiculum-CA1 gamma and
theta coherence. An increase in the subiculum-CA1 coherence during navigation in the
experimental field (although mainly in the theta frequency range) was also noted in another
study in rats (Trimper et al., 2017).

It is important to note that novel object exploration also leads to an increase in gamma
coherence, but between other regions of the hippocampal formation. It was found that when
animals were exploring novel objects (recognition memory task) CA3-CA1 coherence
increased markedly in gammas range and the degree of this gamma synchrony correlated
with the subsequent memory performance (Trimper et al., 2014). In a subsequent study, it
was shown that during novel object exploration, gammas coherence increased not only
between the CA3 and CA1 fields but also between the DG and CA3 and it was also related
with a good subsequent memory of both the object and its location, correlating with the
degree of their novelty (Trimper et al., 2017). Thus, the degree of gamma synchronization in
the hippocampus during novel object exploration correlates with the memory encoding for
these objects. Gammas coherence increase may reflect the memory for an object
encountered in a particular location, given that CA3 is thought to play an important role in
memory retrieval (Sutherland et al., 1983; Brun et al., 2002; Steffenach et al., 2002). It can
be assumed that gammas are probably predominant in the hippocampus during associative
memory encoding.

Increased gammas phase-locking was also shown for CA1 place cell spikes in rats
exploring a novel environment for the first time (Kitanishi et al., 2015). However, despite the
probable relationship between the CA3 and CA1 fields during the arrival of novel information,
in the study of Larkin and colleagues an increase in the activity of place cells when rats were
exploring a novel object in a new place or an old object in a new place was detected only in
the CA1, but not in the CA3 (Larkin et al., 2014).
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An increase in CA3-CA1 coherence in gammas range was also observed upon
electrical stimulation of the basolateral nucleus of the amygdala immediately after the
exploration of a novel object. This intervention resulted in better memory for these objects
the day after stimulation (Bass and Manns, 2015). This study shows that CA3-CA1 activity
synchronization in gammas range may underlie the amygdala-triggered neuronal network
state that “selects” recently encoded information for long-term storage.

Another study found that novelty exploration increased gammam phase synchrony
between CA3 and CA1 (Zheng et al., 2016). Such a reaction was observed when rats were
exploring novel objects in a new place (where there were no objects before) in a familiar
environment. According to this data, associative memory encoding of novel object-place is
facilitated by gammam frequency range (Zheng et al., 2016). It is interesting to note that an
increase in gammam coherence across the septo-temporal (long) axis of the CA1, as well as
an increase in DG and CA1 gammam power, can be caused by just environmental novelty
(Penley et al., 2013).

More recently, the different roles of gammas and gammar in “spatial” and “object”
learning tasks have been investigated. Fernandez-Ruiz and colleagues examined gamma
and spike activity coupling between the EC and DG during learning and after selective
optogenetic disturbance of gamma synchronization (Fernandez-Ruiz et al., 2021). During
spatial learning, gammar synchronization between MEC and DG was observed, while during
object learning, gammas synchronized DG and LEC. Selective gamma-band perturbation of
MEC or LEC reduced DG gammar or gammas, respectively, and led to the impairment of
spatial (MEC perturbation) or object (LEC perturbation) learning (Fernandez-Ruiz et al.,
2021). In general, depending on the tasks, specific patterns of gamma oscillations
dynamically engage functional neuronal ensembles across different regions of the brain.

Mechanisms of Synchronization in Theta-Band

Hippocampal theta rhythm is necessary for the processes of attention and memory
(Vinogradova, 1995, 2001; Buzsaki, 2002; Buzsaki and Moser, 2013). In freely behaving
animals theta rhythm in hippocampal formation appears as a result of rhythmic input from
the medial septal area (MS) (Petsche and Stumpf, 1960; Stewart and Fox, 1990; Vertes and
Kocsis, 1997; Brazhnik, 2004 ). Due to their local interactions, MS neurons generate rhythmic
activity at the theta frequency (Ujfalussy and Kiss, 2006; Dannenberg et al., 2015; Mysin et
al., 2015; Robinson et al., 2016). The main role in the transmission of rhythmic activity is
played by two GABAergic neuronal populations of MS, producing in antiphase bursts of
spikes at theta frequency during theta rhythm generation (Borhegyi et al., 2004; Hangya et
al.,, 2009). The neurons of these populations were named Teevra and Komal cells,
respectively, due to peculiarities of their spike train dynamics (Joshi et al., 2017). It is well
known that GABAergic MS neurons selectively innervate interneurons in the hippocampus
and EC (Freund and Antal, 1988; Freund, 1989; Gonzalez-Sulser et al., 2014). However,
recent studies have shown that innervation of different areas of the hippocampus by MS
projections is not equal. Teevra cells inhibit cholecystokinin-containing (CCK) basket and
axo-axonal neurons in the CA3 field and, to a much lesser extent, in the CA1 field (Joshi et
al., 2017). Komal cells send projections to MEC L3 and L2 interneurons and the subiculum
(Viney et al., 2018). DG receives input mainly from low-rhythmic MS GABAergic cells (Salib
et al., 2019). These MS neurons, in contrast to Teevra and Komal cells, do not express PV,
more often fire by single spikes and weaker coupled to the hippocampal theta rhythm (Salib
et al., 2019). LEC receives only cholinergic input from the MS (Desikan et al., 2018). It was
shown that direct MS cholinergic projections do not induce theta rhythm in the hippocampus
(Dannenberg et al., 2015), but theta rhythm in the LEC is well expressed, although its power
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is lower than in the MEC. Perhaps the reason is the prevalence of nicotinic receptors in the
LEC compared to the prevalence of muscarinic receptors in the hippocampus and MEC
(Desikan et al., 2018).

Data on the structure of septal projections show that the neuronal mechanisms of theta
rhythm in different areas of hippocampal formation may vary. However, all regions of the
hippocampal formation exhibit high power of the theta rhythm and high pairwise coherence
(Kocsis et al., 1999; Mizuseki et al., 2009; Montgomery et al., 2009). This suggests the idea
that different hippocampal regions can resonate at the theta frequency and contribute to the
rhythmicity of each other. In addition to the network mechanisms, the hippocampal networks
tendency to oscillate at the theta frequency is provided by the properties of pyramidal
neurons, which have maximal responses at theta frequency stimulation (Pike et al., 2000;
Wang et al., 2006; Cardin et al., 2009).

Functional role of theta coherence

The hypothesis that theta rhythm may synchronize neuronal populations to facilitate
information transfer within and across neuronal ensembles (Fries, 2005; Sirota et al., 2008)
is not new. In addition to the high theta coherence across the hippocampal formation (Kocsis
et al., 1999; Mizuseki et al., 2009), it is known that activity of different neuronal populations
to a greater or lesser extent are coupled to the phase of hippocampal theta rhythm
(Klausberger et al., 2003; Mizuseki et al., 2009; Somogyi et al., 2014). It has even been
demonstrated that theta activity can propagate along the septo-temporal axis of the
hippocampus in a “travelling wave” (Petsche and Stumpf, 1960; Lubenov and Siapas, 2009;
Patel et al., 2012).

Synchronization of oscillatory activity in other circuits with hippocampal theta rhythm
during cognitive processes was also observed for many subcortical and cortical networks,
such as the prefrontal cortex (Adhikari et al., 2010; Benchenane et al., 2010; Nandi et al.,
2019), amygdala (Seidenbecher et al., 2003), striatum (DeCoteau et al., 2007), medial
septum (Dragoi et al., 1999; Hernandez-Pérez et al., 2015), and supramammillary nucleus
(Kocsis and Vertes, 1994; Hernandez-Pérez et al., 2015).

Nevertheless, despite the long history of investigation of theta rhythm and its functional
role, in vivo studies on the interaction of hippocampal regions during theta generation are
few and rather contradictory. Thus, it was shown that the dynamics of intrahippocampal
communication may be controlled not only by the classically described unidirectional
connections (Jackson et al., 2014). Recording LFP from the CA3, CA1, and subiculum during
different animal behaviour, Jackson and colleagues found that theta rhythm in the subiculum
could synchronize activity in the CA3 field. Optogenetic inhibition of interneurons projecting
from the subiculum to the CA3 decreased theta power in the latter. We believe that these
results require additional verification since they contradict the aforementioned data that CA3
receives the strongest input from the MS. However, if the results of Jackson et al. study are
confirmed, it can be assumed that theta coherence may result from the resonance of several
regions of the hippocampal formation in a closed circuit with feedback projections.

Several studies using surgical removal of the EC have demonstrated the role of
entorhinal input through the perforating pathway in the generation of theta rhythm in the CA1
(Buzsaki et al., 1983; Montoya and Sainsbury, 1985). There is also evidence that
synchronous theta spiking of EC stellate cells during EC theta oscillations is capable of
driving induction of CA1 LTP via the trisynaptic hippocampal pathway (Stepan et al., 2012).
Moreover, in vivo experiments confirm that theta oscillations in EC are closely related to theta
spike activity in DG granular cells (Jung and McNaughton, 1993; Skaggs et al., 1996;
Mizuseki et al., 2009).
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On the other hand, in a recent study using optogenetics, it was shown that EC neuronal
activity blockade did not change CA1 theta power. In the same study, it was demonstrated
that blocking the Schaffer's collaterals input from CA3 to CA1 decreased the CA1 theta
power (Loépez-Madrona et al., 2020). However, in an earlier study, it was noted that during
the Schaffer's collaterals blockade the decrease in the CA1 theta power was statistically
insignificant (Middleton and McHugh, 2016). We would like to note that in the study by
Middleton and McHugh, a gene modification technique was used, in which the blockade of
synapses from the CA3 pyramidal neurons appeared within two weeks. We believe data
obtained with the help of optogenetics is more reliable since in this case the effect is acute.
In addition, the idea of the CA3 input influence on the CA1 theta rhythm is supported by the
already mentioned data on the Granger causality between the CA3 and CA1 LFP recordings
(Jiang et al., 2020).

There is an assumption that at different phases of the CA1 theta rhythm, different
functions are performed (Hasselmo et al., 2002; Manns et al., 2007; Cutsuridis et al., 2010;
Cutsuridis and Poirazi, 2015; Fernandez-Ruiz et al., 2017). This hypothesis is based on the
fact that the CA1 receives two information inputs: from CA3 through the Schaffer's collaterals
and from the EC through the perforant pathway. The signal from these two inputs arrives at
different phases of the theta rhythm (Mizuseki et al., 2009; Montgomery et al., 2009). The
authors suggest that at the minimum of theta wave, the largest input comes from the EC,
and the CA1 neuronal network operates in the “recording” mode. At the theta wave peak,
the largest input comes from CA3, and CA1 reproduces the stored information. It should be
noted that the principal neurons of the MEC L3 fire at the peak of the theta wave in the CA1
pyramidal layer; however, the signal is transmitted with a long delay of 70-80 ms and arrives
near the minimum of CA1 theta (Mizuseki et al., 2009).

Another aspect of theta coherence is synchronization between the dorsal and ventral
hippocampus. Their activities are coherent and phase difference increases across the septo-
temporal axis of the hippocampus. In other words, the theta rhythm propagates as a
travelling wave from the dorsal to the ventral pole of the hippocampus (Lubenov and Siapas,
2009; Patel et al., 2012; Zhang and Jacobs, 2015). The mechanisms of such theta rhythm
propagation are currently unknown. Three hypotheses are widely discussed (Lubenov and
Siapas, 2009; Patel et al., 2012; Zhang and Jacobs, 2015).

The first hypothesis implies the delay in the arrival of the signal from the MS in the
ventral hippocampus relative to the dorsal one. The second hypothesis is that the inputs from
the MS induce the rhythmical activity in the dorsal hippocampal neurons, which, in turn,
impose rhythmical activity onto neighbouring neurons, which transmit it further etc. The third
hypothesis, similarly to the second, suggests that dorsal hippocampal neurons are entrained
into rhythmic activity by projections from MS; however, the propagation of the theta rhythm
across the hippocampus occurs due to resonance between the oscillatory activity of
pyramidal neurons (Pike et al., 2000; Wang et al., 2006; Cardin et al., 2009). We believe that
the third mechanism is the most probable. Although studies show that MS innervates the
dorsal and ventral hippocampus to the same extent, the MS projections are heterogeneous.
The rostral part of the MC predominantly innervates the dorsal, and the caudal part of the
MC predominantly innervates the ventral hippocampus (Yoshida and Oka, 1995; Ohara et
al.,, 2013). The theta rhythm parameters in the dorsal and ventral hippocampus are
significantly different. Theta power is higher in the dorsal hippocampus than in the ventral
(Royer et al., 2010). Theta rhythm modulation of pyramidal cell and interneuron spikes is
also significantly lower in the ventral hippocampus (Royer et al., 2010). In addition, indirect
evidence of the hypothesis that theta rhythm propagates from the dorsal to the ventral pole
of the hippocampus by the resonance mechanism is provided by data on the activity of


https://doi.org/10.20944/preprints202105.0350.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 May 2021 d0i:10.20944/preprints202105.0350.v1

principal neurons. During theta rhythm, hippocampal principal neurons rarely fire by single
spikes (Soltesz and Deschénes, 1993; Ylinen et al., 1995; Csicsvari et al., 1998). According
to experimental data, no more than 1% of principal neurons in all regions of the hippocampus
discharges in one theta cycle, while almost all principal neurons exhibit subthreshold
oscillations of the membrane potential at theta frequency (Soltesz and Deschénes, 1993;
Ylinen et al., 1995; Csicsvari et al., 1998). Thus, almost all hippocampal neurons are involved
in the generation of theta rhythm.

Functional role of theta coherence

The hypothesis that theta rhythm may synchronize neuronal populations to facilitate
information transfer within and across neuronal ensembles (Fries, 2005; Sirota et al., 2008)
is not new. In addition to the high theta coherence across the hippocampal formation (Kocsis
et al., 1999; Mizuseki et al., 2009), it is known that activity of different neuronal populations
to a greater or lesser extent are coupled to the phase of hippocampal theta rhythm
(Klausberger et al., 2003; Mizuseki et al., 2009; Somogyi et al., 2014). It has even been
demonstrated that theta activity can propagate along the septo-temporal axis of the
hippocampus in a “travelling wave” (Petsche and Stumpf, 1960; Lubenov and Siapas, 2009;
Patel et al., 2012).

Synchronization of oscillatory activity in other circuits with hippocampal theta rhythm
during cognitive processes was also observed for many subcortical and cortical networks,
such as the prefrontal cortex (Adhikari et al., 2010; Benchenane et al., 2010; Nandi et al.,
2019), amygdala (Seidenbecher et al., 2003), striatum (DeCoteau et al., 2007), medial
septum (Dragoi et al., 1999; Hernandez-Pérez et al., 2015), and supramammillary nucleus
(Kocsis and Vertes, 1994; Hernandez-Pérez et al., 2015).

Nevertheless, despite the long history of investigation of theta rhythm and its functional
role, in vivo studies on the interaction of hippocampal regions during theta generation are
few and rather contradictory. Thus, it was shown that the dynamics of intrahippocampal
communication may be controlled not only by the classically described unidirectional
connections (Jackson et al., 2014). Recording LFP from the CA3, CA1, and subiculum during
different animal behaviour, Jackson and colleagues found that theta rhythm in the subiculum
could synchronize activity in the CA3 field. Optogenetic inhibition of interneurons projecting
from the subiculum to the CA3 decreased theta power in the latter. We believe that these
results require additional verification since they contradict the aforementioned data that CA3
receives the strongest input from the MS. However, if the results of Jacksons et al. study are
confirmed, it can be assumed that theta coherence may result from the resonance of several
regions of the hippocampal formation in a closed circuit with feedback projections.

Several studies using surgical removal of the EC have demonstrated the role of
entorhinal input through the perforating pathway in the generation of theta rhythm in the CA1
(Buzsaki et al., 1983; Montoya and Sainsbury, 1985). There is also evidence that
synchronous theta spiking of EC stellate cells during EC theta oscillations is capable to drive
induction of CA1 LTP via the trisynaptic hippocampal pathway (Stepan et al., 2012).
Moreover, in vivo experiments confirm that theta oscillations in EC are closely related to theta
spike activity in DG granular cells (Jung and McNaughton, 1993; Skaggs et al., 1996;
Mizuseki et al., 2009).

On the other hand, in a recent study using optogenetics, it was shown that EC neuronal
activity blockade did not change CA1 theta power. In the same study, it was demonstrated
that blocking the Schaffer's collaterals input from CA3 to CA1 decreased the CA1 theta
power (Loépez-Madrona et al., 2020). However, in an earlier study, it was noted that during
the Schaffer's collaterals blockade the decrease in the CA1 theta power was statistically
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insignificant (Middleton and McHugh, 2016). We would like to note that in the study by
Middleton and McHugh, a gene modification technique was used, in which the blockade of
synapses from the CA3 pyramidal neurons appeared within two weeks. We believe data
obtained with the help of optogenetics is more reliable since in this case the effect is acute.
In addition, the idea of the CA3 input influence on the CA1 theta rhythm is supported by the
already mentioned data on the Granger causality between the CA3 and CA1 LFP recordings
(Jiang et al., 2020).

There is an assumption that at different phases of the CA1 theta rhythm, different
functions are performed (Hasselmo et al., 2002; Manns et al., 2007; Cutsuridis et al., 2010;
Cutsuridis and Poirazi, 2015; Fernandez-Ruiz et al., 2017). This hypothesis is based on the
fact that the CA1 receives two information inputs: from CA3 through the Schaffer's collaterals
and from the EC through the perforant pathway. The signal from these two inputs arrives at
different phases of the theta rhythm (Mizuseki et al., 2009; Montgomery et al., 2009). The
authors suggest that at the minimum of theta wave, the largest input comes from the EC,
and the CA1 neuronal network operates in the “recording” mode. At the theta wave peak,
the largest input comes from CA3, and CA1 reproduces the stored information. It should be
noted that the principal neurons of the MEC L3 fire at the peak of the theta wave in the CA1
pyramidal layer; however, the signal is transmitted with a long delay of 70-80 ms and arrives
near the minimum of CA1 theta (Mizuseki et al., 2009).

Another aspect of theta coherence is synchronization between the dorsal and ventral
hippocampus. Their activities are coherent and phase difference increases across the septo-
temporal axis of the hippocampus. In other words, the theta rhythm propagates as a
travelling wave from the dorsal to the ventral pole of the hippocampus (Lubenov and Siapas,
2009; Patel et al., 2012; Zhang and Jacobs, 2015). The mechanisms of such theta rhythm
propagation are currently unknown. Three hypotheses are widely discussed (Lubenov and
Siapas, 2009; Patel et al., 2012; Zhang and Jacobs, 2015).

The first hypothesis implies the delay in the arrival of the signal from the MS in the
ventral hippocampus relative to the dorsal one. The second hypothesis is that the inputs from
the MS induce the rhythmical activity in the dorsal hippocampal neurons, which, in turn,
impose rhythmical activity onto neighbouring neurons, which transmit it further etc. The third
hypothesis, similarly to the second, suggests that dorsal hippocampal neurons are entrained
into rhythmic activity by projections from MS; however, the propagation of the theta rhythm
across the hippocampus occurs due to resonance between the oscillatory activity of
pyramidal neurons (Pike et al., 2000; Wang et al., 2006; Cardin et al., 2009). We believe that
the third mechanism is the most probable. Although studies show that MS innervates the
dorsal and ventral hippocampus to the same extent, the MS projections are heterogeneous.
The rostral part of the MC predominantly innervates the dorsal, and the caudal part of the
MC predominantly innervates the ventral hippocampus (Yoshida and Oka, 1995; Ohara et
al., 2013). The theta rhythm parameters in the dorsal and ventral hippocampus are
significantly different. Theta power is higher in the dorsal hippocampus than in the ventral
(Royer et al., 2010). Theta rhythm modulation of pyramidal cell and interneuron spikes is
also significantly lower in the ventral hippocampus (Royer et al., 2010). In addition, indirect
evidence of the hypothesis that theta rhythm propagates from the dorsal to the ventral pole
of the hippocampus by the resonance mechanism is provided by data on the activity of
principal neurons. During theta rhythm, hippocampal principal neurons rarely fire by single
spikes (Soltesz and Deschénes, 1993; Ylinen et al., 1995; Csicsvari et al., 1998). According
to experimental data, no more than 1% of principal neurons in all regions of the hippocampus
discharges in one theta cycle, while almost all principal neurons exhibit subthreshold
oscillations of the membrane potential at theta frequency (Soltesz and Deschénes, 1993;
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Ylinen et al., 1995; Csicsvari et al., 1998). Thus, almost all hippocampal neurons are involved
in the generation of theta rhythm.

There is not a lot of information about the role of theta synchronization between different
regions of the hippocampal formation in cognitive tasks. It is supposed that theta coherence
is involved in the encoding and retrieval of episodic memory (Buzsaki, 1996; Hasselmo et
al., 2002; Hasselmo, 2005). During the performance of the hippocampus-dependent spatial
alternation task, it was found that, although theta oscillations were generally coherent
throughout the hippocampus (CA1, CA3, and DG), the power, coherence, and phase of theta
activity varied depending on the layer of registration and animal position in the maze,
suggesting, as the authors thought, the presence of different theta generators. The phase
delay between CA3 and CA1 theta in pyramidal layers was significantly smaller before the
T-junction (Montgomery et al., 2009).

Similar to gamma oscillations (Montgomery and Buzsaki, 2007), the theta power and
coherence increased in the central arm of the modified T-maze in a layer-specific way,
regardless of the running speed or acceleration of the animal. However, in contrast to gamma
oscillations, theta power and coherence also increased in the initial segment (when the
animal entered the maze) of the control tasks. The authors believe that gamma coordination
of CA3-CA1 activity is associated with mnemonic aspects of the spatial alternation task
performance, such as memory retrieval (Montgomery and Buzsaki, 2007), while changes in
theta power and coherence may be associated with others functions such as route planning
(Montgomery et al., 2009).

An increase in theta coherence in the hippocampus during decision making has been
shown in other studies, when animals perform a previously learned task (Schmidt et al.,
2013; Belchior et al., 2014), indicating increased integration and cooperation in the
hippocampus during information processing. Data obtained by intracellular recording in vivo
demonstrate that the synchronization of neuronal activity in CA3 and CA1 can be up to 3
seconds to induce plasticity (Bittner et al., 2017).

Changes of theta activity in the CA1 and DG were also observed during spatial learning
in the Morris water maze (Olvera-Cortés et al., 2002, 2004; Hernandez-Pérez et al., 2015).
In a study by Hernandez-Pérez and colleagues, this problem was examined in dynamics in
different layers of CA1, the CA3 pyramidal layer and DG (Hernandez-Pérez et al., 2016). It
was noticed that during the early stages of learning, slow frequency theta activity prevailed
and it was coupled between specific layers of the hippocampal fields. However, on the last
day of training, the frequency of theta oscillations was higher in all recorded layers, and their
coupling was pronounced between the CA3 pyramidal layer and CA1 pyramidal layer and
str. radiatum. An increase in theta coherence correlated with an improvement of task
performance (Hernandez-Pérez et al.,, 2016), once again confirming that increased
synchronization between CA3-CA1 fields at the theta frequency can participate in the
retrieval of spatial information.

Synchronization at theta frequency also changes during the arrival of novel information.
It was shown that novel environment promoted a shift in the firing of CA1 pyramidal neurons
(but not neurons of subiculum) to a later phase of the theta wave, which confirms the
relationship between theta phase and CA1 plasticity induced by novelty (Lever et al., 2010).
Despite the reported decrease in theta coherence along the septo-temporal axis of the
hippocampus during different behaviour of the animals (running or REM sleep) (Sabolek et
al., 2009; Penley et al., 2012), sensitive to animal speed (Hinman et al., 2011), the novel
environment, regardless of the animal speed, led to an increase in the CA1 theta coherence
a decrease in it in the DG across the long axis of the hippocampus (Penley et al., 2013).
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In support of the idea that theta rhythm and theta synchronization somehow organize
the hippocampal neural network activity, there are already quite numerous studies showing
that gamma oscillations and neuronal firing in the hippocampus and neocortex are phase-
locked to the hippocampal theta rhythm (Fell et al., 2003b; Jones and Wilson, 2005; Siapas
et al., 2005; Canolty et al., 2006; Sirota et al., 2008; Colgin et al., 2009; Nishida et al., 2014;
Schomburg et al., 2014; Trimper et al., 2014; Fernandez-Ruiz et al., 2017; Barth et al., 2018;
Jiang et al., 2020).

Conclusions

In conclusion, we want to emphasize that the physiological role of theta and gamma
coherence is different due to their different functions and mechanisms of generation. The
gamma rhythm is generated by active neurons; therefore gamma coherence promotes
synchronization of active neuronal ensembles. On the contrary, practically all hippocampal
neurons are involved in the theta rhythm, regardless of their belonging to a particular neural
ensemble. Consequently, theta coherence orchestrates the firing of principal neurons
throughout the hippocampus, arranging their discharge order. From studies on the activity of
a large number of neurons, we know that neurons of MEC L3 discharge first followed by the
CA3 pyramidal neurons and then the CA1 pyramidal neurons (Mizuseki et al., 2009). At the
same time, within the theta cycle, the neurons of the active ensemble are spiking, which is
collectively reflected in the theta-gamma coupling (Buzsaki and Wang, 2012; Colgin, 2015b).
How the processing of information occurs within the theta and gamma cycles? It is still
unknown in modern neuroscience, but the discovery of these processes will be a
breakthrough in brain research.
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