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Abstract: Although mostly unaware, we constantly navi-
gate a complex landscape of airborne molecules. The
perception of these molecules helps us navigate, shapes
our social life, and can trigger emotionally charged mem-
ories transporting us back to the past within a split second.
While the processing of olfactory information in early
sensory areas is well understood, how the sense of smell
affects cognition only recently gained attention in the field
of neuroscience. Here, we review links between olfaction
and cognition and explore the idea that the activity in
olfactory areas may be critical for coordinating cognitive
networks. Further, we discuss how olfactory activity may
shape the development of cognitive networks and associ-
ations between the decline of olfactory and cognitive
abilities in aging. Olfaction provides a great tool to study
large-scale networks underlying cognitive abilities and
bears the potential for a better understanding of cognitive
symptoms associated with many mental disorders.
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Zusammenfassung: Obwohl meist nicht bewusst, navi-
gieren wir ständig durch eine komplexe Landschaft von
Duftstoffen. Die Wahrnehmung dieser Duftstoffe hilft uns
bei der Orientierung, prägt unser soziales Leben und kann
emotionale Erinnerungen auslösen, die uns innerhalb von
Sekundenbruchteilen in die Vergangenheit zurückversetzen.
Während die Verarbeitung olfaktorischer Informationen in
frühen sensorischen Arealen gut verstanden ist, ist die Frage
wie der Geruchssinn die Kognition beeinflusst erst vor

kurzem in das Blickfeld der neurowissenschaftlichen For-
schung gerückt. Wir diskutieren hier das Zusammenspiel
zwischen Geruchssinn und Kognition und untersuchen die
Idee, dass die Aktivität in olfaktorischen Arealen ent-
scheidend zur Koordination kognitiver Netzwerkaktivität
beiträgt. Darüber hinaus diskutieren wir, wie olfaktorische
Aktivität die Entwicklung kognitiver Netzwerke beein-
flussen kann, sowie Assoziationen zwischen dem Rück-
gang olfaktorischer und kognitiver Fähigkeiten im Alter.
Der Geruchssinn bietet ein großartiges Werkzeug zur
Untersuchung weitläufiger Netzwerke, die kognitiven
Fähigkeiten zugrunde liegen, und birgt das Potenzial für
ein besseres Verständnis kognitiver Symptome, die mit
vielen psychischen Störungen einhergehen.

Schlüsselwörter: Atmung; Geruch; Netzwerke; Olfaktorik;
Oszillationen.

Introduction

Most people are familiar with the phenomenon that a
particular smell can trigger strong memories. However,
due to the dominance of vision and hearing in our day-to-
day life, olfaction has long been overlooked in the field of
cognition. The term cognition refers to mental processes as
diverse as perception, memory, working memory, decision
making, and more. Despite substantial differences, all
these tasks require coordinated activity in distributed brain
areas centered around a core network consisting of the
hippocampal formation and frontal cortical areas (Uhlhaas
and Singer, 2006). In this article, we will refer to this
network with the term ‘cognitive system’.

Only recently, olfaction gained attention in studying
behaviors in the context of cognition. In rodents, cognitive
functions are strongly influenced by the sense of smell as
they use odor cues for memory, decision making, and
navigation (Fischler-Ruiz et al., 2021; Igarashi et al., 2014;
Symanski et al., 2021). Human behavior, even though we
are not always consciously aware of it, is also influenced by
odor cues, and the performance in olfactory and cognitive
tests correlates in healthy adults (Yahiaoui-Doktor et al.,
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2019) and elderly (Uchida et al., 2020). The strong influence
of olfaction on cognitive functions can be explained by a
tight anatomical and functional coupling between the
olfactory and the cognitive system.

In mammals, rhythmic inhalations evoke temporally
structured activity in the olfactory bulb, which is termed as
respiration rhythm. This prominent rhythm spreads not
only within the olfactory system but also organizes
activity in the cognitive system (Heck et al., 2019; Karalis
and Sirota, 2022; Mori et al., 2013; Tort et al., 2018). The
coordination of activity across spatially distributed areas
facilitates communication within large-scale brain net-
works (Uhlhaas and Singer, 2006). Impaired coordination
of activity in distributed brain networks centered on the
hippocampal formation and the frontal cortex is thought to
be the central network dysfunction underlying cognitive
symptoms in mental disorders (Uhlhaas and Singer, 2006).
Of note, the respiration rhythm coordinates activity in the
cognitive system during early development (Gretenkord
et al., 2019). Impaired synchronization of activity in the
hippocampal-prefrontal networks in mental disorders
manifests during neonatal ages when mice rely on olfac-
tion as their main source of sensory input (Chini et al.,
2020; Richter et al., 2019). At an older age, the decline in
cognitive performance associated with mental disorders is
accompanied by a decline in olfactory performance, and
deficits in olfaction have been proposed as an early
biomarker for disorders such as Alzheimer’s disease and
Parkinson’s disease (Murphy, 2019).

With this review,we aim to link the concept of olfactory-
driven coordination of widespread network activity with the
correlation between olfactory and cognitive performance
anddiscuss potential implications formental disorders from
the beginning until the end of life.

Lateral entorhinal cortex links the
olfactory and cognitive system

The olfactory sensory neurons in the nasal cavity detect
odor molecules and relay the information to the olfactory
bulb; this is the initial processing stage of the olfactory
information in the central nervous system. Mitral and
tufted cells are the output neurons of the olfactory bulb and
project to a range of brain areas considering the olfactory
system, including the piriform cortex, lateral entorhinal
cortex, andmanymore (Igarashi et al., 2012). The cognitive
system consists of higher associative areas centered
around the hippocampal formation and the frontal cortical
networks, particularly the prefrontal cortex (Uhlhaas and

Singer, 2006). The entorhinal cortex provides the main

input to the hippocampus and is considered the gateway to

the hippocampal-prefrontal network (Witter et al., 2017).
In contrast to all other senses, the olfactory system

lacks a first-order thalamic relay resulting in a short
pathway to the hippocampal formation, critical for cogni-
tive functions (Figure 1). The lateral entorhinal cortex plays
a prominent role in the interaction between the olfactory
and the cognitive system. In addition to the direct input
from the olfactory bulb, the lateral entorhinal cortex re-
ceives indirect olfactory input through the piriform cortex
and sends outputs to a range of hippocampal subdivisions,
as well as direct projections to the prefrontal cortex. Inputs
from the olfactory bulb and piriform cortex arrive in
superficial layers of the lateral entorhinal cortex and
preferentially target reelin-expressing fan cells in layer 2a
(Bitzenhofer et al., 2022). Nonoverlapping populations of
fan cells project to the dentate gyrus and the medial pre-
frontal cortex, whereas pyramidal cells in layers 2b and 3
project to the hippocampal subdivision CA1 (Bitzenhofer
et al., 2022; Leitner et al., 2016; Li et al., 2017; Xu et al.,
2021). Projection neurons in the hippocampus project to
deep layers of the lateral entorhinal cortex and the medial
prefrontal cortex, among other areas (Witter et al., 2017).
Further, the lateral entorhinal cortex is reciprocally con-
nectedwith the orbitofrontal cortex that also receives input
from the piriform cortex and is associatedwith the learning
of odor value (Wang et al., 2020). Projections to the amyg-
dala are thought to be involved in triggering emotional
memory aspects. This information is also mediated to the
hippocampus via the lateral entorhinal cortex which acts as

Figure 1: Simplified schematic showing the main connectivity
between the olfactory system and the cognitive system. The lateral
entorhinal cortex acts as a gateway between the two systems.
(HP–hippocampus, LEC–lateral entorhinal cortex, OB–olfactory
bulb, PFC–prefrontal cortex, and PIR–piriform cortex).
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a gateway for amygdala influences on memory consolida-
tion (Roesler and McGaugh, 2022).

The strong connectivity between the olfactory and the
cognitive systemhas also been observed functionally. Odor
exposure triggers a transient increase in firing rate in the
olfactory system, but also in the lateral entorhinal cortex
and the hippocampus (Bitzenhofer et al., 2022; Leitner
et al., 2016), and learned odor value representations have
been described in the prefrontal cortex (Wang et al., 2020).
Further, direct projections from lateral entorhinal cortex
pyramidal neurons to CA1 were shown to be important for
associative odor memories (Li et al., 2017), and lateral en-
torhinal cortex lesions impair odor-associative memory
(Persson et al., 2022; Wilson et al., 2013), object-place-
context memory (Vandrey et al., 2020), and social memory
(Lopez-Rojas et al., 2022). This emphasizes the important
role of the lateral entorhinal cortex for the interaction
between the olfactory and the cognitive system.

The communication between the olfactory and the
cognitive system is not merely a unidirectional transfer of
sensory information to higher associative areas. In addi-
tion to the bottom-up projections, there is a range of top-
down projections within and between the two systemswith
the potential to modulate activity in early olfactory areas
(Boyd et al., 2012; Chen and Padmanabhan, 2022). In fact,
most areas that receive input from the olfactory bulb send
direct feedback projections, including the piriform cortex
and the lateral entorhinal cortex (Padmanabhan et al.,
2019). While projections from the hippocampus to the ol-
factory bulb and piriform cortex do exist, they are sparse
and their functions are not clear. However, the olfactory
system receives a strong feedback from the cognitive
system through the lateral entorhinal cortex, recently
proposed to underlie the formation of spatial maps in the
posterior piriform cortex during navigation (Poo et al.,
2022) and to enable flexible coding strategies (Chen and
Padmanabhan, 2022).

Olfactory activity synchronizes
cognitive networks

In mammals, respiration results in the rhythmic sampling
of olfactory information. Evoked activity in the olfactory
sensory neurons during this repetitive sampling induces an
oscillatory rhythm in the olfactory bulb, which is termed as
respiration rhythm (Ackels et al., 2020). In rodents, this
rhythm is typically in the range of 2–4 Hz, but can increase
up to 12Hz during sniffing and running (Kay et al., 2009). In
humans, respiration is typically in the range of 0.16–0.33Hz

(Zelano et al., 2016). In rodents, nasal respirationmodulates
local field potentials and membrane oscillations in several
cortical and subcortical brain areas including the piriform
cortex, the lateral entorhinal cortex, the hippocampus, and
the prefrontal cortex (Figure 2) (Biskamp et al., 2017; Lock-
mann et al., 2018; Tort et al., 2018).

The respiration rhythm is not the only rhythm associ-
atedwith olfaction, but each inhalation induces a temporal
sequence of rhythmic network activity on a faster time-
scale. Initially, odor inhalation induces activity in the
gamma frequency range, followed by slower oscillations in
the beta frequency range. Although brief gamma activity
mainly reflects the coordination of odor-evoked activity
in local networks, sustained activity in beta frequency
synchronizes across the olfactory system and spreads into
the cognitive system (Mori et al., 2013). Interestingly, the
olfactory bulb gamma activity persists when the olfactory
bulb output via the lateral olfactory tract is lesioned, but
the odor-induced beta activity is disrupted, indicating that
it depends on the feedback fromdownstreamareas (Neville
and Haberly, 2003). These rhythms are not only prominent
in the olfactory systemduring odor sampling but also occur

Figure 2: Olfactory activity synchronizes the olfactory system and
the cognitive system in oscillatory rhythms. Respiration-related
activity temporally organizes periods of high and low excitability
that spread from the olfactory to the cognitive system and results in
synchronized activity in the gamma frequency range. Odor stimu-
lation induces synchronous activity in the beta frequency range in
both systems.
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in the cognitive system during odor-guided memory and
decision-making tasks.

During working memory and decision-making tasks,
the phase of the respiration rhythm modulates the local
neuronal firing aswell as thegammaandbeta oscillations in
several areas of the cognitive system, such as the hippo-
campus, the lateral entorhinal cortex, and the prefrontal
cortex (Biskamp et al., 2017; Karalis and Sirota, 2022; Lock-
mann et al., 2018). The synchronization of remote brain
areas is a hallmark of cognitive functions (Uhlhaas and
Singer, 2006). Similar to the coordination of fast gamma
activity by slower oscillations in the theta frequency range
which is important for several cognitive functions such as
working memory, the respiratory rhythm was suggested to
coordinate the interactionsbetweendistant networksduring
cognitive processing (Heck et al., 2019; Karalis and Sirota,
2022).

Although studies causally testing the importance of
this synchronization for cognitive performance aremissing
so far, first correlative studies in humans suggest that
olfactory-driven synchronization of the cortical systems is
important during memory processes and decision-making.
In line with the rodent literature, recent studies in humans
found a nasal breathing-induced respiratory rhythm in
brain areas such as the piriform cortex, the hippocampus,
and the amygdala. They show that the respiratory rhythm
drops when participants switch to oral breathing and that
the respiration rhythm modulates memory recall and
task performance, indicating that nasal breathing directly
influences cognitive performance (Nakamura et al., 2018;
Zelano et al., 2016). In line with this, Arshamian and col-
leagues showed that memory consolidation is improved
during nasal breathing compared to oral breathing in
humans (Arshamian et al., 2018). Similar correlations of
perception and cognition have been reported for other
physiological rhythms, such as the heartbeat. How these
other rhythms interact with the respiratory rhythm and its
influence on cognition is not clear.

In addition to the respiratory rhythm, beta and gamma
oscillations in brain areas such as the piriform cortex,
the lateral entorhinal cortex, the hippocampus, and the
prefrontal cortex have been implicated in the processing of
olfactory information related to cognitive functions. Os-
cillations in the beta frequency range in the piriform cortex,
the lateral entorhinal cortex, and the hippocampus arise
during odor sensation and odor-guided learning tasks
(Gourévitch et al., 2010; Igarashi et al., 2014). The lateral
entorhinal cortex synchronizes fast oscillatory activity in
distributed cortical areas critical for memory encoding in
a hippocampus-dependent manner (Luo et al., 2022).

Furthermore, oscillations in beta frequency synchronize
across olfactory and cognitive networks during olfactory
learning tasks and within hippocampus-prefrontal cortex
networks during memory-guided decision-making tasks
(Igarashi et al., 2014; Symanski et al., 2021). Of note, the
firing of beta-entrained interneurons in hippocampal CA1
is linked to accurate performance during associative odor
memory and decision-making tasks, suggesting that beta
oscillations enable the recruitment and coordination of
neurons that are involved in the processing of task-relevant
odor information (Rangel et al., 2016; Symanski et al.,
2021). Intracranial recordings in the human piriform cortex
revealed similar odor-induced beta and gamma oscilla-
tions, and their presence was shown to correlate with
accurate odor perception (Yang et al., 2022).

Thus, during olfactory-guided cognitive processing,
the respiratory rhythm entrains the widely distributed
brain areas of the olfactory and the cognitive system in beta
and gamma oscillations.

Early entrainment of olfactory-
cognitive networks

Rodents are born with limited sensory abilities. While their
eyes and ears remain closed until the end of the second
postnatal week (Martini et al., 2021), newborn rodents smell
from birth, and their ability to survive depends strongly on
the functionality of the sense of olfaction (Logan et al., 2012).
Besides using olfaction for early cue-directed behaviors
suchasfinding thenipple of thedam,newbornmiceare also
able to perform easy odor discriminations and form asso-
ciative odor memories (Armstrong et al., 2006; Logan et al.,
2012). In line with the early functionality of olfaction, mitral
and tufted cells, the sole output neurons of the olfactory
bulb, develop prenatally between embryonic day 11 and 16,
and their afferent connectivity is largely established at birth
(Hirata et al., 2019; Walz et al., 2006). By contrast, gluta-
matergic feedback connections to the olfactory bulb develop
postnatally in an area-specific manner (Kostka and Bit-
zenhofer, 2022). Moreover, interneurons in the olfactory
bulb are generated only during late embryonic to neonatal
ages (Batista-Brito et al., 2008), and the biophysical prop-
erties of mitral cells are still maturing postnatally (Yu et al.,
2015). Therefore, even though functional from birth, the
olfactory bulb microcircuitry is still undergoing develop-
mental changes during thefirst postnatal weeks. In linewith
this, the neonatal network activity in the developing olfac-
tory bulb lacks the characteristic fast gamma oscillations
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observed in adults during odor stimulation (Fletcher et al.,
2005). An activity in the neonatal olfactory bulb is instead
characterized by the respiratory rhythm as well as discon-
tinuous oscillatory events in the theta/beta frequency range
during passive sniffing and increased oscillatory activity in
the beta frequency range during odor sampling (Gretenkord
et al., 2019).

Axons of olfactory bulb mitral cells reach the lateral
entorhinal cortex as well as the other regions of the olfac-
tory cortex around embryonic day 16 (Walz et al., 2006). At
neonatal ages, calbindin-expressing pyramidal neurons in
layers 2b and 3 of the lateral entorhinal cortex project to the
CA1 region of the hippocampus, which in turn projects to
the prefrontal cortex (Hartung et al., 2016; Xu et al., 2021).
Moreover, reelin-positive fan cells of layer 2a project to the
dentate gyrus and prefrontal cortex at the neonatal age (Xu
et al., 2021). Thus, the anatomical bottom-up connectivity
between the olfactory and the cognitive system is estab-
lished in neonatal mice. Besides the anatomical connec-
tivity, the functional interaction between the olfactory
system and the cognitive system is established early in life.
Mitral cells in the developing olfactory bulb mediate the
entrainment of lateral entorhinal cortex oscillations in the
respiration rhythm as well as in theta/beta oscillations
during passive sniffing (Gretenkord et al., 2019). Further,
the activation of mitral cells by olfactory or optogenetic
stimulation entrains the hippocampal-prefrontal network
in beta oscillations by the end of the first postnatal week in
mice (Gretenkord et al., 2019; Kostka and Hanganu-Opatz,
2021). Thus, olfactory inputs can influence coordinated
activity patterns in developing cognitive networks.

Whether early synchronization of the olfactory and the
cognitive system in oscillatory rhythms influences the
maturation of these networks is unknown. However,
considering the importance of oscillatory coupling in beta
frequency between the hippocampus and the prefrontal
cortex during neonatal development for the emergence of
later cognitive abilities (Bitzenhofer et al., 2021; Chini et al.,
2020; Richter et al., 2019; Xu et al., 2021), it is tempting to
speculate that the olfactory experience during neonatal
age may contribute to the functional development of these
networks.

Correlated decline of olfaction and
cognition in aging

Althoughmany questions remain to be answered about the
role of olfaction in the development of cognitive networks,

a clearer picture starts to emerge at the other end of the life
span. A decline in both olfactory sensation and cognitive
abilities is common in old age (Attems et al., 2015;Murman,
2015). Although the performance in olfactory and cognitive
tests correlates during adulthood, particularly strong as-
sociations can be found for the elderly (Uchida et al., 2020;
Yahiaoui-Doktor et al., 2019). This association is not only
present in healthy individuals, but a reduction in olfactory
performance also correlates with cognitive impairments in
Alzheimer’s disease, Parkinson’s disease, mild cognitive
impairment, and others (Attems et al., 2015). Therefore,
the olfactory function has been suggested as an early
biomarker for cognitive decline in neurological disorders,
particularly promising for Alzheimer’s disease.

Impaired olfaction is among the most common non-
motor dysfunction in Parkinson’s disease and often ap-
pears before movement deficits (Doty, 2012). Pathological
changes related to Parkinson’s disease appear early in the
olfactory bulb, but the mechanisms of olfactory dysfunc-
tion remain unclear. Interestingly, the olfactory dysfunc-
tion correlates with cognitive impairment and has been
suggested as a biomarker for disease progression for Par-
kinson’s disease (Cecchini et al., 2019). However, it is still
unclear to what extent the olfactory dysfunction, and a
potentially resulting lack of coordination in cognitive
networks, contributes to cognitive symptoms in Parkin-
son’s disease.

Structural and functional changes in the entorhinal
cortex and hippocampus underlie cognitive impairment
in dementia (Murphy, 2019). A functional disconnection
between the hippocampus and the prefrontal cortex has
been reported in patients with Alzheimer’s disease (Grady
et al., 2001). This dysfunction may underlie reduced olfac-
tory working memory capacity reported in a mouse model
for Alzheimer’s disease (Huang et al., 2020). The hippo-
campal atrophy is correlated with olfactory impairment in
patients with Alzheimer’s disease (Murphy et al., 2003), and
the disrupted connectivity in the olfactory bulb–lateral en-
torhinal cortex–hippocampus network is associated with
deficits in recognitionmemory in a ratmodel forAlzheimer’s
disease (Salimi et al., 2022).

Due to its prominent position in the connection between
the olfactory and the cognitive system, the lateral entorhinal
cortex is the most likely candidate to link olfactory and
cognitive deficits. The lateral entorhinal cortex is one of the
first areas to show morphological abnormalities in Alz-
heimer’s disease (Khan et al., 2014; Murphy, 2019; Strana-
han and Mattson, 2010). Further, the selective vulnerability
of neurons in layer 2 of the entorhinal cortex, the layer that
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receivesmost olfactory input and sends strongprojections to
the hippocampus, has been reported during aging and
Alzheimer’s disease (Stranahan and Mattson, 2010).

Of interest, the loss of olfaction (anosmia) and
cognitive impairments are associated with SARS-CoV2
infections. A recent study on patients with SARS-CoV2
infections found tissue damage in the primary olfactory
cortex, a reduction of gray matter thickness in the para-
hippocampal gyrus, including the entorhinal cortex, as
well as cognitive impairments (Douaud et al., 2022).
Further studies are required to clarify how these alter-
ations relate to each other.

Conclusions

Growing evidence points toward a powerful link between
olfaction and cognition. Odor-evoked activity spreads
across the entire olfactory and cognitive system, resulting
in the modulation of neuronal activity by respiration and
the synchronization of network activity in the beta fre-
quency range in several brain areas. Thus, breathing pro-
vides a temporal framework of alternating activity levels
that are able to synchronize distant brain areas. Strong
connectivity between olfactory areas and the cognitive
network underlies this phenomenon, with the lateral en-
torhinal cortex representing the major area linking the two
systems. Only recently, the link between olfaction and
cognition gained more attention in the field of neurosci-
ence, and several findings point toward tight coupling of
both systems across life. However, several open questions
remain about the role of olfaction in cognition and its
diagnostic potential (Box 1).

Due to the early functionality of olfaction compared to
hearing and seeing and the early drive of the cognitive
system, we hypothesize that the olfactory experience at the
neonatal age might influence the development of the
cognitive network. It remains to be investigated whether
the olfactory input at a young age has a causal influence on
the development of the hippocampal-cortical network and
thus the emergence of cognitive abilities later in life. How
the sense of smell influences network synchronization in
the cognitive systems during development is also inter-
esting in the light of the early manifestation of disrupted
network synchronization in mental disorders such as
schizophrenia long before symptoms emerge (Chini et al.,
2020). If a causal link between olfactory dysfunction and
impaired maturation of the cognitive network exists, then
an impaired sense of smell during development could act

as a possible biomarker for the presymptomatic diagnosis
of mental disorders.

The influence of sensory systems on cognitive systems is
not unique to olfaction. Other sensory systems are associated
with cognitive abilities and mental disorders; however, the
influence of olfaction seems to be particularly strong and
shows the greatest promise as an early biomarker for Alz-
heimer’s disease and Parkinson’s disease (Doty, 2012; Mur-
phy, 2019). The strong and direct connectivity between the
olfactory and cognitive system, as well as the rhythmic
sampling during respiration coordinating activity in wide-
spread networks, could be the reason for the crucial role
of olfaction. However, it is unclear whether the olfactory
dysfunction is specific enough todissociate betweendiseases
andwhether the linkbetween theassociationof olfactory and
cognitive dysfunctions is causal or merely correlational.
Nevertheless, including olfactory dysfunction as a biomarker
for Alzheimer’s disease and Parkinson’s disease bears great
potential for the detection and prediction of disease pro-
gression at early stages, critical for therapeutic intervention.
Whether the diagnostic potential transfers to cognitive
symptoms in other disease types needs further investigation.

Box 1: Open questions.

Does olfactory experience during early development
influence the functional maturation of the cognitive
system and the development of cognitive abilities?

Is the coordination of activity in the cognitive system by
the respiration rhythm necessary for cognitive
processing?

Is olfactory dysfunction specific enough as a biomarker
for Alzheimer’s disease and Parkinson’s disease? Does
olfactory dysfunction and the lack of coordination in
olfactory rhythms contribute to cognitive dysfunctions?

Does olfactory dysfunction contribute to cognitive
symptoms in other mental and neurodevelopmental
disorders?
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