
/ Published online: 31 May 2022 

Pflügers Archiv - European Journal of Physiology (2023) 475:13-21 

Vol.:(0123456789)1 3

https://doi.org/10.1007/s00424-022-02708-5

INVITED REVIEW

Controlling neuronal assemblies: a fundamental function 
of respiration‑related brain oscillations in neuronal networks

Shani Folschweiller1,2 · Jonas‑Frederic Sauer1

Received: 1 April 2022 / Accepted: 19 May 2022 
© The Author(s) 2022

Abstract
Respiration exerts profound influence on cognition, which is presumed to rely on the generation of local respiration-coherent 
brain oscillations and the entrainment of cortical neurons. Here, we propose an addition to that view by emphasizing the 
role of respiration in pacing cortical assemblies (i.e., groups of synchronized, coactive neurons). We review recent findings 
of how respiration directly entrains identified assembly patterns and discuss how respiration-dependent pacing of assembly 
activations might be beneficial for cognitive functions.
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Introduction

Due to the biological necessity of repeatedly alternating expi-
ration and inspiration to ensure the constant supply of oxygen 
and the evacuation of metabolically produced  CO2, respira-
tion brings with it the properties of a continuously repeat-
ing timing signal. Originating in mechanosensitive olfactory 
sensory neurons that are driven by airflow in the nasal cavity 
and transmit their activity to the olfactory bulb [2, 29], a large 
body of evidence supports the notion that respiration-related 
oscillations (RROs) occur all over the neocortex [5, 6, 27, 
30, 36, 39, 41, 43, 52, 67, 68, 73], hippocampus [39, 46, 
55], and other subcortical structures [39]. The respiration-
synchronous rhythm is ubiquitously present in the forebrain 
during offline states [27, 39, 68] and is thus an excellent 
candidate to induce transient periods of synchrony between 
distant brain regions. Emerging evidence supports the idea 
that respiration plays a key role in this coordination across 
multiple brain regions: single-unit responses to hippocampal 
sharp wave ripples in the mouse medial prefrontal cortex 
(mPFC) depend robustly on the phase of the respiration at 

which these hippocampal transient increases in excitability 
occur [39]. Furthermore, respiration-coherent 4-Hz rhythms 
synchronize the mPFC and the amygdala during fear-related 
freezing in rodents [5, 38, 39, 52]. Based on the idea that 
the timing and synchronization provided by the respiratory 
cycle are behaviorally relevant, human memory encoding, 
retrieval, and perception [3, 40, 54, 71] have been shown 
to be modulated by the phase of respiration. These results 
suggest a profound impact of respiration on cognition [33].

While the mechanisms of cognition are not resolved and 
subject of ongoing research, a key concept dating back more 
than 70 years is that of the cell assembly, which postulates 
that associations of coactive neurons rather than individual 
cells form the unitary operational entity of cortical functions 
[32]. RROs indeed not only modulate the spiking of rodent 
cortical neurons [5, 6, 37, 39, 43, 55] but also, as postulated 
by Tort et al. in 2018 [68], have recently been directly dem-
onstrated to pace the emergence of electrophysiologically 
identified cortical assemblies [24] (Fig. 1), suggesting that 
RROs might affect cognition by defining when and where 
assemblies activate. In this review, we will lay out recent 
findings in support of the assembly-centric view on RROs.

Neuronal assembly theory

The basic concept of the assembly is attributed to Donald 
Hebb [32] and has been discussed in detail elsewhere (see 
[9, 31, 57, 61]). In brief, Hebb’s assembly theory arose 
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from observations such as the fact the brain is able to hold 
memories permanently and can generalize perceptions, that 
cognitive functions are often intact even after substantial 
loss of neurons, and that behavior cannot be explained by 

the immediately preceding sensory stimulation alone. Thus, 
he argued, rather than relying on single neurons, assemblies 
of neurons would develop after the repeated and conjoined 
activation of groups of neurons within a brain structure, 

Fig. 1  Detecting RROs and assemblies in the neocortex. A RROs 
are observed as local field potential oscillations that occur synchro-
nized with nasal respiration. Nasal breathing is often assessed by 
electroolfactogram [24, 39] (i.e., electrical recording from the nasal 
epithelium as shown in the example on the left along with local 
field potential measurement from the mPFC). Alternatively, body-
plethysmography [67], thermocouples [73] or pressure sensors [46] 
implanted in the nasal cavity, or piezoelectric sensors recording chest 
movement [70] (in anesthetized preparations) are commonly used. 
Right: Respiration-coherent 2–4 Hz RROs emerge in the mPFC dur-
ing immobility. The example shows power spectral density of the 
electrical activity in the nasal epithelium (top) and mPFC (bottom). 
Adapted from [39] under CC BY 4.0 (https:// creat iveco mmons. org/ 

licen ses/ by/4. 0/). B Assemblies can be detected by calculating the 
corresponding weight vectors for all single units. Bottom left: exam-
ple of weight vectors of prefrontal single units for three simultane-
ously recorded assemblies. The neurons are arranged by order of 
appearance along a linear probe inserted along the dorso-ventral axis 
of the mPFC. These vectors can be extracted from covariance matri-
ces (top left) using independent component analysis. See [48] for 
review of assembly extraction methods. Assembly time courses (right 
middle) are estimated from the weight vectors and the underlying 
spike train (right, bottom) and can be correlated to ongoing RROs (or 
other field potential oscillations, shown on top). Neurons contributing 
to the example pattern are shown in red. Adapted from [24] under CC 
BY 4.0
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which would then be stabilized by plastic changes at their 
mutual synapses. The notion of the assembly emphasizes 
the strengthening of synaptic connections between coactive 
neurons (or the emergence of new connections, see [17] for 
review) such that partial activation of a subset of the contrib-
uting neurons could “ignite” the entire assembly (this notion 
is similar to the concept of pattern completion by recurrent 
connections among pyramidal neurons in the hippocampal 
CA3 region [51]). Moreover, an assembly could then acti-
vate downstream assemblies, essentially chaining active 
groups of neurons in what Hebb called the phase sequence.

Besides a plethora of theoretical work (e.g., [1, 7, 26, 
64]), evidence for the presence of assemblies has indeed 
been found experimentally in non-human research mod-
els: coactivity among neocortical pyramidal cells induces 
“Hebbian” strengthening of their synaptic connections 
in vitro [50], and groups of neocortical neurons that repeat-
edly coactivate have been observed in vivo [21, 23, 24, 47, 
48, 56, 60, 69]. While these transient synchronizations of 
assembly neurons are thought to be due to reciprocal synap-
tic connectivity, one should keep in mind that synchronous 
presynaptic activity might contribute as well [8]. Nonethe-
less, coactive neurons within the mPFC are close together 
in space [24] (Fig. 1B), which is consistent with the decay 
in the probability of synaptic connections between pyrami-
dal neurons in the cortex with distance [11]. Moreover, in a 
recent imaging study, Carrillo-Reid et al. used holographic 
stimulation to induce coactivity in a subset of visual cortex 
neurons [14]. After this “imprinting” step, the stimulated 
neurons retained their tendency to coactivate spontaneously. 
While it can be argued about whether or not optogenetically 
induced “photoensembles” reflect bona fide assemblies, 
they show similar properties to naturally occurring groups 
of coactive cells recorded under the same conditions [12, 
14]. Stimulating single neurons that are part of an imprinted 
“photoensemble” moreover resulted in the activation of the 
ensemble, confirming that artificially generated ensembles 
possess pattern completion capability [14]. These findings 
thus validated key predictions of Hebb’s original proposal 
and put experimental weight behind the theoretical concept 
of the cell assembly.

Buzsaki (2010) argued that assemblies should be defined 
by looking at downstream “reader” systems [9]. In this 
framework, the conjoint activity of single neurons is neces-
sary to successfully transmit information to the adequate 
downstream reader. Consider a neocortical neuron that 
receives synaptic input from upstream pyramidal neurons 
as such a reader system. Due to the low efficacy of synaptic 
connections among pyramidal cells (for a recent measure-
ment of the amplitude of excitatory postsynaptic potentials 
at layer 2/3 pyramidal-pyramidal connections in mouse 
(~ 0.11 mV) and human cortex (~ 0.2–0.4 mV), see [11]), 
the reader cell will only respond with a spike of its own if 

a sufficiently large number of upstream neurons fire syn-
chronously. How synchronous do upstream action potentials 
need to be? The membrane time constant of mammalian 
cortical pyramidal cells (~ 10–30 ms [42]) defines a prevail-
ing time window during which the summation of excitatory 
postsynaptic potentials can trigger a spike [9, 66], although 
the time constant can vary [42]. Anatomical constraints such 
as the location of the synapses of an upstream assembly 
on the dendritic tree of the target cell as well as dendritic 
integration properties might further limit the capability of 
a set of presynaptic neurons to induce spiking in the reader 
[44, 62, 66]. However, as addressed by a recent study in 
rodents [56], the majority of cell assemblies activates within 
a 10-ms time window, and increasing the window of what 
is considered synchronous activity up to 150 ms led only to 
minor increases in the number of detected assemblies [19, 
56]. Since assembly neurons are required to activate syn-
chronously to jointly drive postsynaptic (reader) neurons, 
they can be considered a quasiuniform presynaptic entity. 
The assembly thus solves the problem of weak individual 
synapses and has therefore been hypothesized to be a key 
component of cortical function.

Respiration as an organizer of assembly 
activation

Emerging evidence from rodent studies supports the notion 
that RROs might play an important role in defining when 
neuronal assemblies become active: a recent preprint showed 
that olfactory neuronal assemblies in the mouse piriform 
cortex, the primary olfactory area receiving direct input from 
the olfactory bulbs, are paced by respiration [28]. The first 
account of functionally defined prefrontal assemblies being 
modulated by putative RROs came from a study by Dejean 
et al. [19]. They detected assemblies as coactive neurons in 
the mouse mPFC (within 150-ms time bins) using princi-
pal component analysis and found that assemblies activated 
specifically on the ascending phase of putative RROs during 
the expression of conditioned fear (i.e., freezing in response 
to a tone that had been previously paired with a foot shock 
[19]). We cautiously speak of putative RROs here since the 
authors did not directly measure respiration (or a suitable 
proxy such as the local field potential in the nasal epithelium 
[39]) but rather 4-Hz oscillations that emerge during freez-
ing in mPFC and amygdala of mice [38]. However, several 
studies using distinct methods of respiration recording have 
since demonstrated that these freezing-related 4-Hz oscilla-
tions are highly coherent with nasal respiration [5, 39, 52]. 
Four-Hertz oscillations in the rodent mPFC are moreover 
greatly attenuated when transmission from the olfactory bulb 
to the cortex is blocked using optogenetics [5] or pharma-
cologically [52], so we can conclude with high confidence 
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that the reported association between assembly activity and 
ongoing 4-Hz activity reflects the entrainment of assemblies 
by RROs. These results thus emphasize an enrichment of 
assembly activations during the ascending RRO phase in a 
specific behavioral state associated with the expression of 
learned fear.

Calcium imaging data from visual cortex found that neu-
ronal assemblies occur not only in relation to specific stimuli 
but also in the absence of stimulation (i.e., spontaneously 
[13]). Based on that result and the aforementioned specific 
activation of assemblies during the ascending RRO phase 
during fear expression, we recently asked whether RROs 
might be utilized to organize assembly activations in the 
absence of specific stimuli [24]. We recorded spontaneously 
occurring assemblies in the mPFC of mice using a PCA/ICA 
framework [48] to track not only the time course of assem-
bly activations but to also identify the contributing neu-
rons. Assemblies were indeed detected during spontaneous 

immobility, but unlike in the case of fear expression, these 
coactivity patterns emerged at higher frequency during the 
descending rather than the ascending phase of RRO (Fig. 2). 
Interestingly, while the RRO-coupling depth of individual 
neurons positively correlated with the coupling depth of the 
assemblies they contributed to, the coupling of assemblies 
to RROs was not simply a function of the RRO pacing of 
contributing neurons: when we measured the RRO coupling 
only using spikes that occurred synchronously (i.e., within 
10 ms) with the spikes of other members of the same assem-
bly, we found stronger RRO coupling of synchronous spikes 
and a correlation to the coupling strength of the assembly 
while the same was not true for the correlation between 
assembly and neuron coupling strength using non-synchro-
nous spikes (Fig. 2). Stronger RRO coupling of synchro-
nous spikes may arise from a lower spike threshold observed 
under conditions of rapidly depolarizing membrane potential 
[4, 34], which might come about during descending RRO 

Fig. 2  Respiration-paced 
assemblies in the mPFC. A 
Example of ongoing RRO (top) 
and activation time courses of 
five assembly patterns during 
spontaneous immobility. Aster-
isks mark significant (> 5SD) 
assembly activations. B During 
spontaneous immobility, assem-
blies are biased toward activat-
ing during the descending RRO 
phase. Top: example pattern 
activation as a function of RRO 
phase. Dashed line: significance 
threshold. Bottom: summary of 
significantly entrained assem-
blies. C Synchronous spikes 
between assembly member 
neurons occur more often dur-
ing the descending RRO phase 
than non-synchronous spikes. D 
Coupling depth of synchronous 
spikes of member neurons (left) 
correlates more strongly with 
the coupling depth of assem-
blies than that of non-synchro-
nous spikes (right), suggesting 
that neuronal coactivity is paced 
by RROs. Adapted from [24] 
under CC BY 4.0 (https:// creat 
iveco mmons. org/ licen ses/ by/4. 
0/)
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due to synchronous respiration-paced long range as well 
as recurrent local inputs from highly active mPFC neurons 
[24]. While the mechanisms remain unclear, these findings 
suggest that on top of biasing the time of firing of individual 
neurons, the neuronal coactivity itself is paced by ongoing 
RROs. These results bear similarity to a recently described 
“coactivity code” in the hippocampal CA1, in which learned 
behavioral contingencies can be decoded from short time-
scale correlations among pyramidal cells [21].

In addition to the direct observations of assemblies during 
RROs, several indirect pieces of evidence further support 
the role of respiration in organizing assembly activations. 
First, sharp wave ripples, which occur during offline states 
in the hippocampus as well as in the mPFC and represent the 
synchronous activity of pyramidal cells, are entrained by res-
piration [39, 45]. During ripples, behaviorally relevant spike 
sequences that occur on the seconds time scale are replayed 
in a compressed manner [20, 25]. It has been argued that 
Hebbian plasticity during replay might strengthen con-
nections among neurons [53], which could facilitate the 
formation of new assemblies. In this model, RROs might 
support the emergence of new assemblies by offering the 
time windows for Hebbian “binding” of the assembly [53]. 
However, due to the large difference in time scale of the 
sequence during behavior and replay, it remains unclear to 
what extent replay events reflect classical cell assemblies. 
Second, gamma oscillations offer a time window of activa-
tion of 10–40 ms, which fits the prevailing time of assembly 
activation that we discussed earlier. Phase-amplitude cou-
pling between gamma and RRO seems to be a ubiquitous 
feature in both cortical and subcortical areas [39, 73] and 
across species [15, 35, 41], which might be an indication of 
a more widespread entrainment of neuronal assemblies by 
RROs. Using a strict analytical procedure, one study showed 
explicitly that the activity of assembly neurons occurs cou-
pled to ongoing gamma oscillations in the rat mPFC [56]. 
In addition, a recent preprint demonstrated a link between 
the power of respiration-paced gamma oscillations and the 
activity of assembly neurons [28]. Interestingly, assembly 
neurons in the piriform cortex of mice showed reduced 
gamma phase coupling compared to non-assembly neu-
rons, suggesting a role of gamma in suppressing the activ-
ity of competing assemblies [28]. Further work is required 
to understand the extent and the underpinnings of the link 
between RROs, gamma oscillations, and assemblies: for 
example, as suggested before [33], respiration measure-
ments should be routinely included in experiments utilizing 
large-scale single-unit and local field potential recordings. 
That way, respiration-entrained gamma oscillations could 
be directly measured alongside the activity of assemblies 
during distinct tasks, which might bring important insights 
into the ongoing computation ruling assembly activation.

Potential functional implications 
of respiration‑paced assembly activations

Dejean et al. provided a direct assessment of the functional 
importance of 4-Hz rhythmic assemblies for fear expres-
sion: they optogenetically drove parvalbumin-positive 
interneurons during the ascending phase of 4-Hz oscillations 
recorded in the mPFC [19]. This manipulation reduced the 
firing rate and coactivity of assembly neurons specifically 
during ascending RRO and significantly attenuated freezing, 
while applying the same manipulation during the descending 
phase increased freezing. Based on these results, the authors 
proposed that mPFC assemblies active during the ascending 
phase might efficiently drive downstream receivers medi-
ating the freezing response, potentially via the amygdala. 
The amygdala is of central importance for fear responses 
and has been shown to synchronize with the mPFC at 4 Hz 
during freezing [38]. The authors provide a compelling 
model in which amygdala neurons might be able to read 
out a freezing command from prefrontal assembly activity 
during the ascending RRO phase. Importantly, this drive to 
the amygdala might emerge from background activity due 
to the enhanced efficacy of synaptic drive of synchronously 
active assembly neurons.

In the absence of fear expression, RRO-coupled assem-
blies appear enriched in the descending prefrontal RRO 
phase. RROs might thus provide distinct time windows for 
sender-reader interactions: assemblies nested in the ascend-
ing phase could be important for instructing freezing (by 
driving amygdala neurons) [19], while assemblies nested in 
the descending phase could reflect a “default state” which 
might aid the widespread activation of distributed assem-
blies (which might not specifically involve the amygdala, 
Fig. 3). Interestingly, the overall phase of RROs seems con-
served across the olfactory bulb, the amygdala, the nucleus 
accumbens, and even across layers of the mPFC [39], with 
only approximately 20° of phase shift between RROs in the 
mPFC and in the amygdala [38], indicating that the descend-
ing phase measured in one of these structures corresponds 
broadly to the same phase in the others. Nonetheless, the 
notion of distinct RRO phases being utilized as different 
communication channels is speculative and warrants further 
investigation. It is, however, in principle plausible: in the 
hippocampal CA1, gamma oscillations reflecting distinct 
input streams (low-range gamma from CA3 and mid-range 
gamma from the entorhinal cortex [18, 63]) recruit differ-
ent ensembles of neurons [49]. Importantly, these distinct 
gamma activities are nested in the ongoing theta rhythm in 
a phase-specific manner, namely with slow gamma occur-
ring during the descending phase of theta and mid-range 
gamma around the peak [49, 63]. Without claiming that the 
mechanisms of the phase-specific recruitment of assemblies 
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to RROs resemble those of gamma-modulated CA1 inputs, 
it will be interesting to further explore the idea of behavior-
dependent and RRO phase-defined communication streams 
among cortical areas.

Driving assemblies during the descending RRO phase 
could be beneficial for an additional reason. Recent imaging 
data showed substantial stability of some neuronal ensem-
bles over several weeks [59], and theoretical work proposed 
the spontaneous reactivation of assemblies as a potential 
stabilization mechanism [22]. “Offline reactivation” of 
assemblies could effectively counter the slow loss of assem-
bly members over time. This loss is expected since cortical 
synapses undergo constant remodeling such that new con-
nections are formed and established connections are lost (for 
review see [16]). This implies that assemblies, once formed 
via a Hebbian mechanism, should destabilize over time 
due to spine turnover. In the Hebbian framework, repeated 
“ignitions” of the assembly are expected to strengthen the 
existing synapses among the members. An efficient way of 
offline reactivation is during hippocampal sharp wave rip-
ples, which has been demonstrated for behaviorally defined 
assemblies in the hippocampus [69] and prefrontal cortex 
in rodents [60]. The favored activation of assemblies dur-
ing the descending RRO phase under “default” conditions 
might provide an additional mechanism to support that 

stabilization of assemblies over relevant time scales on the 
cellular level by allowing “ignitions” of the assembly. In that 
view, the rhythmic depolarization provided by RROs would 
be simply a way to maximize the synchronous activation of 
neurons during the descending phase.

Outlook and future directions

The phase of respiration makes a difference for cognitive func-
tion, including perception and memory encoding/retrieval in 
humans, but how the respiratory “timing signal” achieves that 
mechanistically is not understood. Rodent studies allow inva-
sive recordings and have thus been utilized to reveal a detailed 
picture of the entrainment of fast brain rhythms and assemblies 
by RROs. However, there still is a large gap between (cogni-
tive) human and (mechanistic) rodent data that will need bridg-
ing in future. Respiration frequency differs substantially across 
species: At rest, it averages at ~ 3 Hz in mice [73], ~ 0.2 Hz in 
cats [15, 72], and ~ 0.3 Hz in humans [35, 41]. These findings 
raise the question whether assemblies in the human neocor-
tex are entrained by respiration, and whether similar phase-
specific pacing mechanisms as observed in mice occur. Faster 
oscillatory frequencies (e.g., gamma oscillations) and action 
potential kinetics are largely preserved across species [10] but 

Fig. 3  Model of the proposed functional implications of respiration 
phase-entrained assembly activations. Left: during recall of con-
ditioned fear, prefrontal assemblies activate during the ascending 
phase of RROs and control behavioral output (i.e., freezing) [19], 
potentially through synchronization with the amygdala [38]. Silenc-
ing assemblies by the activation of channel rhodopsin 2  (ChR2)-
expressing parvalbumin-positive interneurons reduces (top) and 
enhances freezing (bottom) when the manipulation is targeted to the 
ascending and descending phase of 4-Hz oscillations, respectively, 

suggesting that assemblies nested in the ascending 4-Hz phase drive 
the expression of freezing [19]. Adapted by permission from Springer 
Nature, Nature, Dejean et  al. 2016, copyright (2016). Right: during 
spontaneous immobility, assembly activations occur more frequently 
during the descending phase [24], which might aid the “ignition” 
of distributed assemblies due to the widespread phase synchrony of 
RROs (top) or support the spontaneous reactivation of assemblies to 
counteract the time-dependent decay of the assemblies due to spine 
turnover (bottom)
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direct observations of assembly dynamics in the human cor-
tex have to our knowledge not been reported. The advent of 
intrasurgical large-scale recording techniques [58], however, 
should enable investigations of assemblies and their relation 
to ongoing respiration in the human cortex in the future. As 
a complementary approach, future rodent experiments could 
combine multi-site large-scale recordings during cognitive 
tasks [65] to better understand the role of respiration-paced 
assembly activations on a more global scale. Particularly 
important aspects of the latter approach would be to better 
define the extent of assemblies and their task-related forma-
tion: assemblies have been reported to span across structures 
[56], but carefully conducted analyses are required to distin-
guish between assemblies with spatially distributed members 
and phase sequences. In addition, less than 2% of prefrontal 
neurons are part of assemblies at rest [24], while during cogni-
tive tasks that engage the mPFC network, approximately one-
third of the population assumes assembly membership [56]. 
Considering the clear role of respiration in cognitive processes, 
dissecting out the functional properties of distributed assem-
blies and phase sequences as a function of respiratory phase is 
a promising strategy to narrow down how rhythmic breathing 
might shape cognition.
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