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The olfactory system plays crucial roles in perceiving and interacting with

their surroundings. Previous studies have deciphered basic odor perceptions,

but how information processing in the olfactory system is associated with

learning and memory is poorly understood. In this review, we summarize

recent studies on the anatomy and functional dynamics of the mouse olfactory

learning pathway, focusing on how neuronal circuits in the olfactory bulb

(OB) and olfactory cortical areas integrate odor information in learning. We

also highlight in vivo evidence for the role of the lateral entorhinal cortex

(LEC) in olfactory learning. Altogether, these studies demonstrate that brain

regions throughout the olfactory system are critically involved in forming and

representing learned knowledge. The role of olfactory areas in learning and

memory, and their susceptibility to dysfunction in neurodegenerative diseases,

necessitate further research.
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1 Introduction

Olfaction is a crucial ability for animals to detect environmental cues that are relevant
for survival such as rewarding foods or dangerous predators. The sense of smell is also
critical for human beings when we are involved in daily activities and experience the
surrounding world. In the recent COVID-19 pandemic, nearly 88% of patients experienced
olfaction loss in the short term (Lechien et al., 2020). A study also observed long-term
structural changes in the brain such as tissue damage in the primary olfactory cortex
and limbic regions that are functionally connected with the olfactory pathway (Douaud
et al., 2022). Structural changes were also observed in memory-related regions including
the entorhinal cortex and the hippocampus (Douaud et al., 2022). Furthermore, olfactory
loss is associated with cognitive decline and declarative memory impairment in long-
term COVID-19 patients (Fiorentino et al., 2022). Due to the overlapping vulnerability
of olfactory and memory-related regions, it is even possible that long-term Covid infection

Frontiers in Neural Circuits 01 frontiersin.org

https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/journals/neural-circuits#editorial-board
https://www.frontiersin.org/journals/neural-circuits#editorial-board
https://doi.org/10.3389/fncir.2024.1437575
http://crossmark.crossref.org/dialog/?doi=10.3389/fncir.2024.1437575&domain=pdf&date_stamp=2024-07-05
https://doi.org/10.3389/fncir.2024.1437575
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fncir.2024.1437575/full
https://www.frontiersin.org/journals/neural-circuits
https://www.frontiersin.org/


fncir-18-1437575 July 4, 2024 Time: 12:21 # 2

Zhang et al. 10.3389/fncir.2024.1437575

could contribute to increased risks of neurodegenerative diseases
like Alzheimer’s disease (AD). Thus, it is increasingly urgent
to investigate the neural circuit dynamics behind olfaction
and memory. Among different model organisms, rodents
are particularly adept in olfactory tasks and possess multiple
homologies with higher mammals, offering valuable insights
into the neural circuits and dynamic representations of olfaction
(Ache and Young, 2005). As previous research has established the
basic odor representation component of the olfactory system, the
current field has introduced new perspectives on how animals
associate odor cues with specific outcomes, and how the neural
representations of odors change across learning along different
regions of the olfactory pathway. In this review, we will cover the
circuit mechanisms of olfactory regions and their dynamics during
olfactory learning.

1.1 Anatomy of olfactory pathway in
rodents

Olfactory information is first detected by olfactory sensory
neurons (OSNs) located in the olfactory epithelium (OE) within
the nasal cavity (Buck, 1996; Mori et al., 1999) (Figure 1). OSNs
relay signals to the olfactory bulb (OB), which contains two types
of projection neurons: mitral cells (MCs) and tufted cells (TCs)
(Shepherd, 2004). From there, MCs and TCs send information
to several olfactory cortical areas in the brain (Miyamichi et al.,
2011; Igarashi et al., 2012; Nagayama et al., 2014). Olfactory
cortex is defined as areas that receive direct input from the OB,
including 9 major brain regions: anterior olfactory nucleus (AON),
olfactory tubercule (OT), anterior piriform cortex (aPir), posterior
piriform cortex (pPir), lateral entorhinal cortex (LEC), nucleus
of the lateral olfactory tract (nLOT), anterior cortical amygdaloid
nucleus (ACo), posterolateral cortical amygdaloid nucleus (PLCo)
and tenia tecta (TT) (Paxinos, 2004; Shepherd, 2004; Igarashi et al.,
2012). TCs signal mainly to the anterior portion of the olfactory
cortex including the AON and the OT, while MCs are thought to
be the main output neurons of OB and project to all the olfactory
cortical regions (Igarashi et al., 2012; Nagayama et al., 2014;
Chen et al., 2022) (Figure 1).

The organization of the olfactory system is unique. First, the
olfactory system does not have a thalamic relay and contains
only three primary layers of information processing: OE as the
first layer, OB as the second, and the remaining olfactory cortical
regions tied for the third. It is surprising that olfaction could
be encoded in this three-layer hierarchy system as this is not
observed in other sensory modalities such as the visual system
where the primary (V1), secondary (V2), and third (V4) visual
cortex are sequentially connected. The second unique feature is
the odor representation pattern in the olfactory cortex. While
the odor representation of OB neurons is spatially organized
(Mori et al., 2006), the piriform cortex (PC), which has the
largest area among the olfactory cortex, receives divergent axonal
projections from mitral cells (Miyamichi et al., 2011; Igarashi et al.,
2012) and responds to odors in distributed neuronal ensembles
lacking a topographical pattern (Stettler and Axel, 2009). This is
also not observed in other associational sensory cortical regions
like V1 or primary auditory cortex in mammals (Malach, 1989;

Ojima et al., 1991) but only in higher regions such as V4 and
primary somatosensory cortex (area 3b) in monkeys (Hansen et al.,
2007), suggesting the role of olfactory cortex as a higher association
cortex.

1.2 The role of olfactory regions in
learning

Previous studies have identified the anatomical connections
of the olfactory bulb and olfactory cortex regions, but the
functions of these regions remain largely unknown. By contrast,
as most prior studies measured the neuronal responses of OB
in basic odor detection, studies from the past few years have
begun to reveal the function of OB in learning. Intrinsic optical
imaging of OB showed an increase in the number of activated
glomeruli in mice trained on a go/no go odor discrimination
task, and this learning-induced potentiation lasted up to 5 weeks
(Abraham et al., 2014). Targeting recordings specifically to MCs
showed that, after learning, synchronized activity in MCs carries
information about odor value (rewarded or unrewarded) (Doucette
et al., 2011). Additionally, when task difficulties depended on
the similarities of odorants that mice need to discriminate, the
fraction of responsive MCs increased over weeks for mice trained
with the difficult task, and decreased in mice with the easy task,
demonstrating experience-dependent plasticity in the OB (Chu
et al., 2016). Moreover, recordings from evoked field postsynaptic
potentials demonstrated that connections between OB-PC inputs
were enhanced during rule learning (Cohen et al., 2015). These
studies suggest that the OB not only functions as a sensory relay
station but also endures plasticity-related changes across learning.

Recent studies have also found plasticity-related changes in
some of the olfactory cortex regions, including the OT, AON,
TT and the LEC. A paper reported learning-dependent plasticity
in OT, with the anteromedial domain of OT responding more
to appetitive odor cues and the lateral domain responding to
aversive cues after learning (Murata et al., 2015). This suggests
that OT is involved in the expected outcome representation of
specific stimuli, with activation of different domains based on
the outcome valence. Moreover, optogenetic stimulation of either
the OB-OT or Pir-OT pathway alone elicited food-searching
behavior in mice trained with reward, as well as shock avoidance
in aversively-trained mice (Sha et al., 2023). Both of these
synaptic connections could potentially explain learning-induced
potentiation of the OT (Sha et al., 2023). Additionally, TT
neurons are tuned to specific task elements with learning, such
as temporal epochs and approach behavior (Shiotani et al., 2020).
For AON, memory engram-like activities were detected using cFos
labeling after mice were exposed to an odor-context paradigm,
and inhibition of AON engram activity disrupted the odor-
contextual associative memory recall (Aqrabawi and Kim, 2020).
Anatomically, topographical projections from the hippocampus
to AON were revealed previously (Aqrabawi and Kim, 2018b),
and this HPC-AON input is necessary for forming olfactory-
contextual memory (Aqrabawi and Kim, 2018a). Collectively, these
experiments provide new insights into how we understand the
olfactory system – that is, that each of the olfactory regions
is presumably involved in specific aspects of olfactory learning.
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FIGURE 1

Schematic of mouse olfactory pathway anatomy. Individual areas are highlighted with different colors. Projections from mitral cell are shown in
green, tufted cell projections in orange, back projection from LEC layers IIb and V in dark red, and projections from hippocampus neurons in blue.
Arrows indicate axonal projections, and boutons indicate direct synaptic connection. MC, mitral cell; TC, tufted cell; AON, anterior olfactory nucleus;
TT, tenia tecta; OT, olfactory tubercle; aPir, anterior piriform cortex; pPir, posterior piriform cortex; nLOT, nucleus of the lateral olfactory tract; ACo,
anterior cortical amygdaloid; PLCo, posterolateral cortical amygdaloid nucleus; LEC, lateral entorhinal cortex; DG, dentate gyrus.

FIGURE 2

Schematic representation of lateral entorhinal cortex (LEC) layer input/output projections. Inputs from olfactory bulb (OB) and piriform cortex (Pir)
reach LEC layer I; Reelin (RE) positive cells project to medial entorhinal cortex (MEC) and dentate gyrus (DG) (shown in dark red); Calbindin (CB)
positive pyramidal cells in layer II project to olfactory areas, medial prefrontal cortex (mPFC), and amygdala (AMG) (shown in green); Layer III
pyramidal cells mainly project to CA1 and subiculum (SUB) (shown in yellow). Layer Va cells express E twenty-six variant transcription factor 1 (Etv1),
and project to mPFC and AMG, as well as olfactory areas (shown in purple); Feedback from these areas reach layer Vb. Layer Vb cells express
Chicken ovalbumin upstream promoter transcription factor-interacting protein 2 (Ctip2) and project within the LEC (shown in dark blue). LEC layer II
and VI receive dopaminergic inputs from midbrain ventral tegmental area (VTA) and substantial nigra pars compacts (SNc) (shown in red).

Future studies should further clarify the distinct roles of individual
regions and identify the circuit mechanisms supporting learning-
induced changes in these olfactory areas.

2 The role of the LEC in olfactory
learning

2.1 Anatomical connections of LEC

Among the olfactory cortical areas, LEC is unique in that
it is also a constituent of the memory system. LEC is situated
between olfactory regions and the hippocampus, serving as an

information transfer station between the two. LEC is a six-layer
structure with distinct input/output properties and distinct cell
types comprising each layer (Figure 2). It receives direct inputs
from MCs via the LOT and makes bidirectional connections with
Pir (Agster and Burwell, 2009; Igarashi et al., 2012; Diodato et al.,
2016). LEC also receives inputs from the insular cortex (Agster
and Burwell, 2009). These axon terminals reach LEC mainly in the
superficial layer I, which contains mostly the apical dendrites of
layer II cells (Burwell and Amaral, 1998). Inputs from the perirhinal
and postrhinal cortex terminate at layer II, which may allow
for the integration of object representations with olfactory cues
(Doan et al., 2019) (Figure 2).
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LEC layer II is a dense cell layer. Layer IIa contains mostly
reelin++ (RE+) principal cells (fan cells) and IIb contains
calbindin+ (CB+) pyramidal cells. Fan cells project mainly via the
perforant pathway to the dentate gyrus (DG), where information is
sent to hippocampal CA3 and CA1 for further processing (Leitner
et al., 2016) (Figure 2). This allows LEC to serve as the major
gateway for sensory information entering memory processing
regions. Fan cells that project to DG also project to the superficial
layer of the medial entorhinal cortex (MEC), allowing feedforward
inhibition to pyramidal cells in MEC circuits (Vandrey et al., 2022).
LEC layer IIb CB+ pyramidal cells do not innervate DG but rather
send feedback projections mainly to the OB, Pir, contralateral LEC,
and neocortical areas such as the medial prefrontal cortex (mPFC)
(Kerr et al., 2007; Agster and Burwell, 2009; Leitner et al., 2016;
Ährlund-Richter et al., 2019).

LEC layer III contains pyramidal cells projecting mostly to CA1
and subiculum (SUB), and projections from these hippocampal
regions terminate back in the deep layer of LEC. In deep layer
V, neurons project to the mPFC, amygdala (AMG), olfactory
bulb, anterior olfactory nucleus, and piriform cortex (de Olmos
et al., 1978; Insausti et al., 1997). Recently, layer V cells have
been divided into layers Va and Vb, using two marker proteins.
Layer Va cells express E twenty-six (ETS) variant transcription
factor 1 (Etv1), whreas Layer Vb cells express chicken ovalbumin
upstream promoter transcription factor (COUP-TF) interacting
protein 2 (Ctip2) (Sürmeli et al., 2016; Ohara et al., 2018) (Figure
2). Layer Va cells are the main output neurons projecting outside
the LEC, whereas layer Vb cells are considered mostly for intrinsic
projections within the LEC, synapsing onto both layer Va and the
superficial layer of LEC (Ohara et al., 2018). Based on the looping
structure of input/output connectivity in LEC sublayers (superficial
layer LEC → hippocampus → deep layer LEC → neocortex),
it is likely that the deep layer LEC receives olfactory-memory
representations from the hippocampus and sends this feedback
information to various cortical regions, where it is integrated for
higher-level cognition and long-term memory maintenance.

2.2 LEC involvement in learning

Due to its intricate input/output connection with the
hippocampus, multiple lines of research have focused on LEC’s
role in learning and memory. While the MEC was thought to
represent the spatial component of learning (“where”), as supported
by the discoveries of spatially modulated grid cells (Fyhn et al.,
2004; Hafting et al., 2005), LEC cells have low spatially selective
firing (Hargreaves et al., 2005). Rather, LEC may represent visual,
olfactory, and somatosensory information about items and objects
(Young et al., 1997; Deshmukh and Knierim, 2011; Tsao et al.,
2013; Igarashi et al., 2014). To identify how LEC neurons encode
memories of items/objects, we recently recorded layer IIa fan
cells using optogenetic assisted cell-type-specific recording method
when mice were learning odor-outcome association (Lee et al.,
2021). We found a group of LEC fan cells that developed
spike responses to both newly learned rewarded odor cues and
pre-learned rewarded cues, a signature of generalization during
learning. Another group of fan cells responded only to punished
cues. These results suggest that the LEC forms a “cognitive map”

of odor items during memory encoding. The cognitive map refers
to an internal brain representation of a physical spatial map, first
conceptualized by Tolman from his observations on rats running
in a maze (Tolman, 1948), then supported by the discovery of place
cells in the hippocampus (O’Keefe and Dostrovsky, 1971). Recently,
the concept of the cognitive map has been extended to non-spatial
elements (Behrens et al., 2018). The Lee et al. work suggested that
the LEC classifies and stores information of items depending on
their associated reward or punishment outcomes, a signature of
cognitive map formation about learned items (Lee et al., 2021;
Igarashi et al., 2022). We consider that the concept of cognitive
map is similar to the idea of “memory schema,” a term for “acquired
knowledge” in psychological studies (Bartlett, 1932; Craik, 1943; Tse
et al., 2007). In this context, the LEC (and presumably other brain
regions) formulate schema from previous learning, and use schema
to guide the acquisition of subsequently learned knowledge, which
is referred to as “assimilation” (Igarashi et al., 2022).

3 Neuromodulatory inputs
underlying olfactory learning

The olfactory areas receive dense neuromodulatory inputs
presumably contributing to olfactory learning, including
dopaminergic projections from the midbrain ventral tegmental
area (VTA) and substantia nigra (SN), cholinergic inputs from
the diagonal band of Broca (DB) and the basal forebrain, and
serotonergic inputs from the raphe nuclei (Hokfelt et al., 1974,
Björklund and Dunnett, 2007; Petzold et al., 2009). Among these
neuromodulatory systems, the most extensive research has been
conducted on dopamine (DA). Even though OB does not receive
direct DA inputs from midbrain VTA, it has been indicated that
the OB contains numerous dopaminergic neurons within the
glomerular layer (Halasz et al., 1981) and expresses DA type
2 receptor (D2R) (Coronas et al., 1997; Koster et al., 1999).
OT, as part of the ventral striatal system, receives extensive DA
inputs from VTA (Ikemoto, 2007; Zhang et al., 2017), and phase
stimulation of the DA terminals in OT induces neuronal plasticity
of cue-reward pairing (Oettl et al., 2020). Moreover, LEC receives
dense DA inputs from the VTA/SN, found mainly in layers II
and VI (Hokfelt et al., 1974; Fallon et al., 1978; Björklund and
Dunnett, 2007) (Figure 2). However, whether DA inhibits or
facilitates LEC layer II synaptic transmission remains controversial
(Caruana and Chapman, 2008; Glovaci and Chapman, 2015). We
recently demonstrated that DA inputs from the VTA control the
development of cue-reward representation in LEC layer IIa fan cells
during associative learning (Lee et al., 2021). Additionally, both
OB and Pir receive cholinergic inputs from the horizontal limbs of
diagonal band of Broca (HDB), suggesting that acetylcholine could
also modulate these regions in learning (Luskin and Price, 1982;
Zaborszky et al., 1986). For example, while previous exposure to
similar odorants increases the odor discrimination ability, this
learned enhancement was reversed by an acetylcholine antagonist
(Fletcher and Wilson, 2002). These results collectively indicate that
neuromodulatory inputs such as DA and acetylcholine could guide
olfactory memory formation and control information flow in the
entorhinal-hippocampal circuit for learning.
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4 Discussion and conclusion

In this review, we attempted to summarize currently available
knowledge about the mouse olfactory system in learning with
anatomical underpinnings. The fact that neocortical regions like the
medial prefrontal cortex (mPFC) receive direct input from several
olfactory cortical regions (i.e. PC, TT, AON, LEC) suggests that
olfactory information is directly integrated for cognitive functions
such as decision-making and adaptive responses (Witter et al., 2000;
Agster and Burwell, 2009; DeNardo et al., 2015; Diodato et al.,
2016; Moberly et al., 2018; Loureiro et al., 2019). Also of note is
the strong connectivity between olfactory areas and the amygdala
(Price, 2003), which could provide a neural basis for the emotional
aspect of olfactory memory.

We also emphasized the special role of LEC as an interface
for the olfactory memory circuit in associative learning and its
modulation by dopaminergic inputs. The LEC forms cognitive
maps for non-spatial olfactory items during olfactory learning
(Igarashi et al., 2022). It remains largely unknown whether the
function of cognitive map/schema formation, found in the LEC,
is shared in other olfactory regions, or their target cortical
areas. Future work is needed to decipher their roles in cognitive
map formation during learning. Another important topic for
future study is the critical role of the LEC in AD. Olfactory
impairment is demonstrably correlated with AD and is amongst
the first symptoms reported by many AD patients (Waldton,
1974; Serby et al., 1991). Moreover, the LEC is thought to be
one of the first regions exhibiting histological and functional
signatures of AD (Van Hoesen et al., 1991; Braak and Braak,
1992; Igarashi, 2023). It is likely that LEC dysfunction underlies
the progression of both smell and memory loss. How the early
stage of olfactory representations is altered in disease and affects
higher-level cognition requires future investigation.

Our experience with the surrounding environment involves a
convergence of many sensory modalities. An interesting property
of olfactory cortical regions (e.g., OT, Pir and LEC) is their multi-
modal representations outside of olfaction. Pir receives projections
from the primary auditory cortex (A1) (Budinger et al., 2006),
and studies have shown that OT cells respond to auditory stimuli
(Wesson and Wilson, 2010). In LEC, somatosensory and visual
inputs may converge with olfactory information to form a more
complete representation of the outside world (Hoogland et al.,
1987; Burwell and Amaral, 1998). The mechanisms of multimodal

features of olfactory regions also call for investigation in future
studies.
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