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Abstract

Odors are transported by seemingly chaotic plumes, whose spatiotemporal structure con-
tains rich information about space, with olfaction serving as a gateway for obtaining and pro-
cessing this spatial information. Beyond tracking odors, olfaction provides localization and
chemical communication cues for detecting conspecifics and predators, and linking external
environments to internal cognitive maps. In this Essay, we discuss recent physiological,
behavioral, and methodological advancements in mammalian olfactory research to present
our current understanding of how olfaction can be used to navigate the environment. We
also examine potential neural mechanisms that might convert dynamic olfactory inputs into
environmental maps along this axis. Finally, we consider technological applications of odor
dynamics for developing bio-inspired sensor technologies, robotics, and computational
models. By shedding light on the principles underlying the processing of odor dynamics,
olfactory research will pave the way for innovative solutions that bridge the gap between
biology and technology, enriching our understanding of the natural world.

Introduction

In natural settings, odors typically occur as complex mixtures of often hundreds of different
chemical compounds rather than isolated entities, comprising varied compositions and con-
centrations of volatile components [1]. These mixtures are transported through complex, often
turbulent, airflow, forming odor plumes that, in addition to their chemical complexity, are
characterized by a rich temporal structure [2-5]. It has been proposed that the spatial and tem-
poral patterns within odor plumes contain valuable information regarding the location, dis-
tance, and composition of odor sources [6-9]. Recent studies indicate that, against the
traditional dogma of olfaction only acting as a slow sense [10-15], the mammalian olfactory
system possesses a high bandwidth capacity, crucial for detecting and interpreting rapid
changes in odor concentration over time inherent to natural odor plumes [16-21]. It is becom-
ing increasingly evident that the olfactory system processes these odor landscapes to interpret
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spatial orientation information, providing animals with contextual cues about their position
within a broader environmental framework. Although evidence points towards the hippocam-
pal formation as a major processing center of this information, the detailed mechanisms and
neural correlates of this spatiotemporal mapping remain incompletely understood, posing
major questions in the field.

In this Essay, we discuss the high temporal bandwidth capacity of the mammalian olfactory
system and delve into the neural correlates that could facilitate translating olfactory inputs into
environmental maps. We also highlight some technological applications of sensing and pro-
cessing dynamic odors, underscoring the need for a better understanding of the processing of
odor dynamics.

Gathering spatial information through olfaction

Animals trained to locate an odor source implement various strategies to do so, and adaptively
switch between them depending on the task, environment, level of learning, and other behav-
ioral factors. Such adaptations might include adjusting their speed, changing direction more
efficiently in response to fluctuating odor signals, or their ability to discriminate between
closely spaced odor sources. The continuous exposure to odor dynamics might not only aid
animals in refining their navigation efficiency but also enhance their ability to accurately detect
and localize the source over time. Fruit flies, for example, have been found to use timing of
odor encounters to navigate through complex plumes [22]. Insects are also capable of detecting
odor onset-asynchrony with high precision [23]. For mammals, this requires the ability to pro-
cess dynamic odor signals in a frequency range exceeding that of the respiration cycle, particu-
larly for extending sensory perception over a large range of distances. Studies harnessing the
temporal precision of light stimulation have shown with optogenetics that mice can discrimi-
nate odors based on timing differences as small as 10 ms within the sniff cycle, and that glo-
meruli activated earlier in the sequence have a stronger impact on perception [24-26]. These
features offer distinct advantages to crepuscular (those active during twilight) and nocturnal
animals. High olfactory bandwidth enables these animals to efficiently navigate and exploit
their environment, leveraging olfactory cues for locating food, detecting predators, or identify-
ing mates, even under conditions of limited visibility.

This ongoing interaction with varying odor concentrations and patterns allows animals to
develop a more nuanced understanding of their environment based on immediate sensory
feedback. A common method used by animals involves odor trail tracking, such as following
urine scent marks [27,28]. As they move along a trail, animals are thought to utilize the con-
centration gradient surrounding the trail and perform inter-naris [29] and inter-sniff compari-
sons [30]. This is augmented by scanning movements across the path, similar to casting
movements observed in insects [31-34]. Environmental parameters such as temperature and
humidity can also influence the sampling strategies, as recently shown by a study on dogs [35].
Besides following odor trails deposited on the ground, animals (and rodents in particular) may
also need to orient themselves relative to distant odor sources, avoid predators, or search for
stationary items like buried food, which do not leave a trail [36]. In these cases, they track air-
borne odor plumes, characterized by high-frequency fluctuations and dynamically changing
shapes driven by airflow turbulence, which likely presents a more complex challenge [37,38].
Cues in temporally complex odor plumes are used for navigation by using coarse encoding of
odor concentrations across multiple sensors and time points, with nonlinear receptor
responses emphasizing rare high-concentration samples, which provide the most information
about the source location [39,40]. Detecting and processing concentration gradients and tem-
poral shifts in odor plumes can aid mice and rats to discern their movements relative to the
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source of the odor, showing that they can effectively map their surroundings through olfactory
cues [41,42]. The integration of temporally complex olfactory information as a result might
facilitate animals to construct an internal representation of their external world, answering
fundamental navigational questions such as “Where am I in relation to key environmental fea-
tures or other organisms?” This highlights the capacity of olfaction as a sensory modality to
acquire spatial information. While natural odor stimuli do include high-frequency compo-
nents detectable by the peripheral olfactory system, it has not been established to what extent
rodents actually rely on these temporal features versus integrating odor cues with self-motion
and other environmental landmarks during localization tasks. It has been demonstrated that
rodents can rapidly switch from relying solely on olfactory cues to incorporating spatial mem-
ory when navigating to odor sources [43]. This flexibility suggests that rodents use a combina-
tion of olfactory information and learned spatial cues, depending on the context and
availability of information. Meanwhile, studies have shown that humans can also utilize olfac-
tory cues for navigation [44] and detect odor onset latencies with remarkable temporal preci-
sion of 120 ms [45,46].

Olfaction is also central to chemical communication between individuals or groups of ani-
mals, such as mice, extending its role beyond pinpointing food sources. Continuous active
sampling of the olfactory environment through sniffing gathers essential information about
the presence of other organisms, including both conspecifics and potential predators [47,48].
By detecting chemical signals released or deposited by other animals, individuals can ascertain
various biological and social cues, such as the social or reproductive status of potential mates,
the territorial markings of conspecifics, or the warning signals indicative of predators [49].
This steady flow of olfactory information forms a dynamic interface between the external envi-
ronment and the animal’s internal cognitive map. The capacity to interpret and respond to
these types of olfactory cues is fundamental to appropriately adjusting behavior, allowing ani-
mals to navigate complex environments and interact effectively with both allies and adversar-
ies. The profound impact of olfaction on social behavior highlights its importance not just for
individual survival, but also for the maintenance of ecological balances and the functioning of
an entire species. In recent years, there has been growing interest in understanding the rela-
tionship between dynamic odor characteristics, their neural correlates, and behavior. This has
emerged as a vibrant area of research within mammalian neuroscience [16,18-20,30,46,50-
53]. Taken together, we conclude that olfaction serves as a vital entry point for detecting and
decoding spatial information from sensory inputs, linking the external environment to inter-
nal cognitive processes. Building on this, we now turn to the potential underlying neural
mechanisms by which complex odor dynamics are transformed across the olfactory system of
mammals into perceivable patterns that guide behavior.

Neural correlates of temporal odor dynamics

Olfactory perception starts with the binding of odor molecules to receptors located in the cilia
membrane of olfactory sensory neurons (OSNs) distributed across the olfactory epithelium
(OE). Due to the turbinate structure of the epithelium, the presence of a mucus layer and the
subsequent signal transduction cascades, this step acts as a low-pass filter, with OSN action
potentials having a rise time of approximately 80 ms for each inhalation [54]. The sniffing fre-
quency of rodents during active sampling ranges between 2 and 15 Hz and is thereby also lim-
ited to approximately this timescale [55,56]. This is significantly slower compared to
invertebrates, where OSNs have direct access to the surroundings and odor transduction can
occur within 2 ms [57]. Despite such slow activation kinetics and low sampling speed, the
mammalian olfactory system can still access the temporal structure of odor stimuli at
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unexpectedly high resolutions. These seemingly contradicting findings could be resolved by
the convergence of axons from thousands of individual OSNs onto a few glomeruli in the
olfactory bulb (OB), analogous to the organization of the auditory system [58], thereby pre-
serving high-frequency odor dynamics in the OB input layer [16]. Classic go/no-go experi-
ments with intermittency (defined as the fraction of time during which odor concentration is
above a threshold in a stimulus) discrimination tasks have shown that mice can discriminate
odor stimuli of low and high intermittency values [18]. It has been suggested in theoretical
work that the temporal patterns of odor concentration fluctuations carry valuable spatial infor-
mation about the location of odor sources [7]. Thereby, chemicals released from the same
object exhibit correlated fluctuations, meaning they co-vary over time. By detecting these cor-
relations, animals like mice can distinguish which odors come from the same source, enabling
them to group related odor signals and effectively map their environment through olfactory
cues. Through a systematic probing of their temporal discrimination abilities, experiments
have shown that mice are indeed capable of discerning odor correlation structures at frequen-
cies up to 40 Hz, far exceeding their sniffing rate [16]. Several groups have used an optogenetic
approach to create temporal activity patterns in OSNs or the output neurons of the OB, called
mitral/tufted cells (MTCs), and observe the behavioral response to these virtual odors
[24,26,59-61]. These studies showed that differences in the timing of light-evoked activity of
OSNss as low as 10 ms with respect to the sniff cycle [24], or the duration of activation [58],
allowed mice to perform discrimination tasks. In a following study using M72-ChR2 mice, it
was demonstrated that shifting the phase of the stimulus within the respiration cycle for even a
single glomerulus was sufficient for discrimination [61]. In a two-choice task paradigm, during
which the spatiotemporal activity pattern was varied using single or multiple-spot optogenetic
stimulations, another study found that the temporal sequence of activation was indeed impor-
tant in odor perception [26]. Moreover, glomeruli activated earlier in the sequence had a more
substantial effect on perception than later-activated glomeruli.

With the advent of better odor delivery and detection techniques, there is a growing interest
in exploring how different temporal features are encoded and processed in the olfactory sys-
tem, focusing on OSN and MTC activity patterns (Fig 1). In a recent study employing Ca>"
imaging in mice, odor intermittency was shown to be represented in both input and output
activity in glomeruli [18]. Interestingly, responsive glomeruli clustered into 2 groups based on
positive or inverse relationships between glomerular intermittency and odor intermittency.
Linear classifier analyses further demonstrated that this heterogeneous population has higher
prediction accuracy compared to either of the homogeneous clusters. OSN responses in the
glomerular layer have also been shown to be adequate to discriminate between paired-pulse
stimuli with an interval difference of 15 ms [16]. The same study revealed that MTC activity
could be used to distinguish between correlated versus anti-correlated odors, while OSN
responses did not faithfully encode the correlation structure. This points to the role of the local
OB circuitry and perhaps centrifugal inputs in transforming OSN inputs to access temporal
features at a finer temporal scale. It should be noted, however, that while stimulus dynamics
could be decoded from neural activity, neither the input nor the output activity directly fol-
lowed the stimulus dynamics, as also established in another study [20]. Subsequent experi-
ments where unit recordings were performed using different odors at frequencies between 2
and 20 Hz also show congruent results that, again, while spiking profiles are not directly cou-
pled to odor dynamics, stimulus frequency could be readily decoded from spiking activity
[17]. Intriguingly, whole-cell recordings from MTCs revealed that a significant proportion of
cells had distinct subthreshold membrane potential responses for 2 Hz and 20 Hz stimuli. Fur-
ther studies using extracellular recordings also report that MTC response profiles have a high
temporal resolution of up to 20 ms [21]. Conversely, lower-frequency features such as odor
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Fig 1. Temporal odor features represented or encoded in the olfactory bulb. (a) Inset: (i) Recorded concentration fluctuations in a plume showing whiffs
and blanks with an arbitrary concentration threshold. (ii) Schematic representation of odor correlation structures. Blue and red pulse trains correspond to 2
different odors. (iii) Schematic representation of pulse interval, latency, and intermittency with low values in the top row and high values in the bottom row. (b)
Olfactory bulb circuit diagram schematic depicting the layered structure and a selection of cell types involved in processing odor information. EPL, external
plexiform layer; GL, glomerular layer; MC, mitral cell; MCL, mitral cell layer; OE, olfactory epithelium; OSN, olfactory sensory neuron; PGC, periglomerular
cell; TC, tufted cell. The olfactory bulb circuit diagram is adapted from [62]. The plume image is adapted from (https://cr103.com/collections/Smoke/rising

smoke.jpg).

https://doi.org/10.1371/journal.pbio.3002908.9001

onset, offset, whiffs and blanks are directly correlated to MTC population activity [19,20], with
different glomerular MTC populations exhibiting varying degrees of correlation. This correla-
tion with large-scale temporal features was consistent with wide-field imaging of the glomeru-
lar layer [19] and high-density electrophysiological recordings from the MC and external
plexiform layers [20].

Interestingly, the spiking activity recorded in this study [20] did not show any correlation
with high-frequency odor fluctuations. This is likely attributed to the fact that odors used in
these experiments are known to activate the dorsal portion of the OB, while recordings were
mainly from the ventral OB. This might additionally suggest a timescale-dependent heteroge-
neity in the spatial representation of temporal features within the OB. The distribution of such
heterogeneity along the dorsoventral axis for odors with different glomerular mappings would
be a compelling aspect to consider in future projects. Previous studies in this direction
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involving simultaneous imaging of the lateral and dorsal OB or multi-electrode recordings
have also reported differences in the temporal glomerular activation pattern across dorsoven-
tral or mediolateral axes [63,64]. These differences, ascribed to the zonal distribution of OSNs
in the OE and their projections to the OB [65], might provide extra temporal bandwidth for
odor processing.

A different perspective to consider in this context is the sampling strategy that animals use
during olfactory behaviors such as odor plume tracking or source separation. Locusts, for
instance, have been shown to actively increase intermittency through antennal sweeps, possi-
bly increasing the source localization accuracy [66]. In rodents, it is well established that a sin-
gle sniff is sufficient for simple odor discrimination tasks, and, increasing the number of sniffs,
for example, does not result in an equivalent increase in discrimination accuracy for monomo-
lecular odors or binary mixtures [10,11,14]. Multiple studies have already shown that changes
in sniffing frequency can alter odor responses in the OB [51,67-70] and the main olfactory
cortex [71]. Varying the sniff rate can alter the temporal pattern of OSN activation and subse-
quent postsynaptic activity of projection neurons through both chemosensory and mechano-
sensory pathways [72]. Combined with differential sniff-locked activity patterns of OSNs and
MTCs [24,73-75], this can potentially contribute to additional resolution in processing tempo-
ral odor dynamics.

Bilateral sampling of odors offers yet another mechanism for accessing temporal odor
information. Again, to draw an example from insects, fruit flies were recently shown to use the
temporal correlation of signals from the 2 antennae to perceive the direction of motion of
odor [76]. It has already been established that bilateral olfactory input is essential for odor
identification and localization in rodents [29,77,78] and even in humans [79,80]. This involves
the anterior olfactory nucleus (AON), which is the first cortical region to integrate information
from the ipsilateral and contralateral OBs and mediates most of the inter-hemispheric olfac-
tory connections [81-83]. Different AON subregions can be symmetric or asymmetric in
terms of their bilateral connectivity and show different cytoarchitectures. Although the pro-
cesses underlying the integration of bilateral information are obscure, this points to a potential
for comparing the temporal structure of odor stimuli, e.g., through coincidence detection.
Intriguingly, a recent study demonstrated that ipsilateral and contralateral odor inputs are
temporally segregated in the human piriform cortex (PCx) [84], which also receives direct
input from the AON. This temporal separation implies that the brain processes odors detected
by each nostril at different times, which could enhance the ability to compare and integrate
sensory inputs from both sides. Since the PCx also receives direct input from the AON, which
plays a role in interhemispheric communication, this highlights a potential pathway for the
coordination of bilateral olfactory signals.

While there is now ample evidence to suggest that mammalian olfaction has access to com-
plex temporal structures of olfactory stimuli even at supra-sniff frequencies, a mechanistic
understanding of the local and centrifugal circuit elements involved in processing the temporal
information needs to be improved. Although trial-based experimental models are necessary to
do so, in natural conditions, animals are likely capable of extracting relevant information from
even single sampling events [46]. Understanding such innate mechanisms calls for experimen-
tal approaches involving more naturalistic stimulus paradigms and betterment in discerning
temporal features used by the circuitry. Recent developments in stimulus control and odor
detection strategies, such as high-speed odor delivery devices [16] and head-mounted odor
sensors [46,52], are already expediting research in these directions. With technological
advancements in scanning and detection methods, faster activity sensors and large-scale
electrophysiological recordings, there is immense scope in probing neural correlates of tempo-
ral odor dynamics. How these temporal features might be further translated to spatial
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information and used at the behavioral level is another pertinent question yet to be addressed.
The OB has extensive connections to the PCx and the lateral entorhinal cortex (LEC), and the
AON also receives projections from the hippocampus [81]. These regions are known to be
involved in spatial information processing and encoding. In the following section, we focus on
these brain areas and discuss how olfactory inputs can be integrated into spatial
representations.

How can olfactory input generate a map of the environment?

The neural substrate of cognitive maps of the environment has been largely attributed to the
hippocampal formation, which is located in the medial temporal lobe, composed of the hippo-
campus proper (CA1-CA4 regions), dentate gyrus, subiculum, presubiculum, parasubiculum,
and entorhinal cortex. The hippocampal formation plays crucial roles in memory formation,
spatial navigation, and the processing of spatiotemporal information. In the CA1 layer of the
hippocampus, path integration and sensory information are thought to converge, giving rise
to spatially tuned neurons called place cells. Although information about various sensory
modalities reaches the hippocampus [85], place cells have been primarily studied in relation to
visual cues [86-88]. More recently, it has been demonstrated that olfactory information can
also contribute to place field formation, stabilization, and modulation (remapping) [89-91].
This is consistent with the olfactory spatial hypothesis, which suggests a strong link between
the hippocampus and olfactory areas, proposing that the evolution of the olfactory system is
primarily driven by the need for navigation [38]. The anatomical and functional relationship
between the hippocampus and olfactory brain regions has been established across species. In
humans, performance in odor identification and spatial memory are correlated, and both can
be predicted by the size of the olfactory and hippocampal areas [92]. The circuit mechanisms
underlying the integration of olfactory information into the hippocampal cognitive maps,
however, are not understood. It has been shown in mice that odor cues—in the absence of
other sensory stimuli—gradually increase the density of place cells, and this process correlates
with an improvement in navigational behavior. This supports the idea that the representation
of an olfactory stimulus in CAl is transformed into a spatial landmark [90].

It is becoming increasingly clear that spatial codes are not confined to the hippocampal for-
mation but rather distributed throughout the entire brain (Fig 2), including areas originally
thought to be primarily sensory, such as the PCx [41,42,93,94]. Information about odors and
their spatial locations are thought to be encoded along a neuro-anatomical axis ranging from
the PCx to the LEC, and into the hippocampus. Most recent studies have focused on the emer-
gence of spatial maps associated with olfactory stimuli or the ability to decode spatial informa-
tion from these different brain regions. However, whether the rich spatial information
contained in the temporal pattern of odor plumes is translated into these maps remains unex-
plored. Given that the OB can decode some of the complex temporal features carried by odor
plumes, it is likely that downstream regions comprising the PCx-LEC-hippocampus axis use
this information for the formation of environmental maps. It will be interesting to investigate,
for example, a link between responses to odor plume dynamics, such as onset latency or inter-
mittency, and distance representation in these brain regions. Since intermittency inversely cor-
relates with distance and has been shown to be a key feature for olfactory navigation in mice
[18], exploring its relationship with the formation of spatial representations could be particu-
larly insightful. It can be speculated that the LEC would act as an entry pathway for this infor-
mation through changes in firing rate and spike timing, which could then be transmitted both
to the hippocampus and the PCx. Although the field has not yet addressed these types of ques-
tions, there is a growing interest in elucidating the role of each of these regions in odor-place
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Fig 2. Spatial and olfactory representations in the piriform cortex and the hippocampus. Schematic illustrating the flow
of olfactory and spatial information across the hippocampus-LEC-PCx axis. TOP INSERT: CAL1 spatial maps provide
comprehensive coverage of the environment [42]. In the absence of other sensory cues, olfactory stimuli are gradually
integrated into CA1 cognitive maps [90]. BOTTOM INSERT: Place cells in the PCx correspond to odor-relevant locations
[42]. Odor discrimination is enhanced after learning an odor-spatial task [93]. HPC, hippocampus; LEC, lateral entorhinal
cortex; OB, olfactory bulb; PCx, piriform cortex.
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associations and their contribution to navigation. While it remains a subject of research,
emphasizing the similarities and differences in their spatial representations may help under-
stand how they work to form a map of the environment.

In mammals, the hippocampal formation and the PCx are evolutionarily linked and consti-
tute a common three-layered structure known as the allocortex [95,96]. Due to similarities in
their microcircuit elements, including a broad and plastic recurrent network, it has been spec-
ulated that the PCx and the hippocampus could share learning functions [97,98]. There is evi-
dence that individual neurons in the posterior PCx of rats can encode both odor identity and
spatial location when animals are engaged in a spatial task defined by odor cues [44]. This
implies the formation of odor-place maps, where responses to the same odor but different spa-
tial information are segregated. Interestingly, the accuracy of spatial information within these
neurons is correlated with the strength of coherence with hippocampal theta rhythms, suggest-
ing coordination between both structures. However, while hippocampal spatial place fields
exhibit a comprehensive coverage of the space providing a continuous map of the environ-
ment, the place fields in the PCx emerge selectively in locations relevant to olfactory-driven
behaviors [44]. Meanwhile, non-olfactory signals relevant to the task, including spatial infor-
mation, emerge in the PCx after learning, and are associated with an increase in odor decoding
accuracy (Fig 2; [93]). These results suggest that the contribution of spatial information in a
primary cortex to navigational behavior may be more closely associated with enhanced sensory
encoding rather than with the formation of a comprehensive spatial map of the environment.

The hippocampal circuits and the PCx are weakly connected, but they both have reciprocal
connections with the LEC [99,100]. This suggests that the LEC acts as a mediator in their com-
munication, conveying olfactory information to the hippocampal circuits and spatial context
information to the PCx. The integration of LEC terminals into PCx circuits has been scarcely
studied. However, it has recently been demonstrated that LEC inputs induce a reconfiguration
of the PCx circuit, increasing responses to OB afferents and attenuating recurrent activity
[101]. This mechanism may explain the enhancement in olfactory discrimination as a result of
the integration of spatial information. This is also consistent with previous work showing that
silencing LEC impairs performance on a well-learned, fine odor discrimination task [102].

The LEC plays an essential role in associative learning, allowing, for example, the associa-
tion of objects with their spatial location [103-105] or the association of attributes that com-
pose a local context [106]. Additionally, since the LEC receives a large proportion of olfactory
inputs, both from the PCx and OB, it has been studied in relation to olfactory processing. A
study in awake mice showed that the LEC encodes both the identity and intensity of odors and
is necessary for rapid odor-guided behavior [107]. However, distinct cell types in the LEC pro-
jecting to specific brain areas are differentially involved in odor encoding, with hippocampal-
projecting neurons exhibiting higher odor selectivity and better odor discrimination than
PCx-projecting neurons [108]. Furthermore, it has recently been demonstrated that hippo-
campal-projecting neurons in the LEC are necessary for the acquisition of new odor-associa-
tive memory [109]. Yet, little research has been conducted on the contribution of the LEC to
the association of odors and spatial contexts. A recent study comparing spatial and olfactory
encoding in both the LEC and the PCx revealed that the PCx encodes odors more robustly,
while the LEC is more accurate in encoding spatial information. Consistent with the hippo-
campal spatial code, the LEC shows a continuous spatial position representation, whereas the
PCx predominantly represents behaviorally relevant positions [43]. In humans, it has been
shown that similar spatial representations emerge in both the entorhinal and piriform cortices
after learning an odor navigation task [94].

Understanding the similarities and differences in spatial and olfactory coding across the
hippocampus-LEC-PCx axis is crucial for unraveling the mechanisms underlying the
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formation of cognitive maps based on olfactory inputs. However, further research is needed to
explore how these regions process spatial information present in the complex temporal struc-
ture of natural odor plumes. Progress in this field could significantly enhance our understand-
ing of the foundations of navigational behaviors and facilitate the development of models and
technologies capable of localizing and processing dynamic odor information, which we discuss
in the next section.

Utilizing odor dynamics for technological applications

Research on artificial olfaction has led to considerable advancements in bio-inspired technolo-
gies, neural engineering, robotics, sensor technology, and computational models. Here, we
highlight a series of practical implications of research into the temporal dynamics of odors,
emphasizing its significant role in advancing a variety of technological domains. These innova-
tions have wide-ranging applications, from environmental monitoring to medical diagnostics,
underscoring the vast potential of integrating biological insights with technological
advancements.

Artificial olfaction is commonly based on an electronic nose (eNose), a device designed to
simulate the biological principles of the olfactory system [110]. eNoses often utilize arrays of
chemical sensors that convert chemical signals into digital signals, enabling the device to
respond to specific volatile organic compounds (VOCs). Response times of conventional
metal-oxide (MOx) gas sensors lie in the range of minutes [111]. Recent hardware and soft-
ware advancements of MOx gas sensor arrays have given rise to a new generation of sensors
that detect VOCs with unprecedented response times at second or even sub-second precision
[112-116]. A newly developed miniaturized high-speed MOx gas sensor can classify odor
pulses with a temporal resolution of only tens of milliseconds and encode stimuli switching up
to 60 Hz [113]. This is a previously unmatched timescale which even exceeds the odor correla-
tion discrimination performance observed in mice [16]. These developments have dramati-
cally improved the ability to detect and process odor dynamics swiftly, mimicking the
response to specific VOCs observed in biological olfactory systems. Artificial olfactory sensors
have been beneficial in numerous applications, including environmental monitoring, where
eNoses are used to detect hazardous gases such as carbon monoxide and hydrocarbons, as well
as to identify pollutants like benzene, toluene, and xylene in the atmosphere [117]. eNoses
equipped with arrays of chemical sensors have the ability to detect and differentiate between
complex odor mixtures. These sensors respond to various chemical compounds by producing
a pattern or “signature” that is specific to each detected compound [118]. This feature becomes
essential when monitoring environments where sudden increases in toxic gases or pollutants
could have detrimental effects on health and safety. The ability of sensors to extract rapid odor
fluctuations with high sensitivity [113,116] will help to develop novel strategies for robotic
noses that mimic the advanced olfactory processing capabilities of biological systems. Unlike
traditional detectors that focus on merely identifying specific target molecules, the biological
olfactory system is able to interpret complex temporal and spatial patterns in odor plumes to
navigate and make decisions. By integrating fast odor sensors capable of capturing millisec-
ond-scale plume dynamics, robotic noses could process these temporal patterns to distinguish
between different odor sources, determine the direction and distance of an odor, and adapt to
dynamic environments. This approach moves beyond detection, enabling robots to utilize
odor cues for navigation, search and rescue operations, environmental monitoring, and indus-
trial applications where understanding the temporal dynamics of odor dispersion is crucial.

Mobile olfactory robots provide the opportunity to handle complex tasks, such as navigat-
ing towards or away from specific odors based on programmed objectives [119-121]. This can
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serve as an invaluable asset to approach or scan potentially hazardous environments, for exam-
ple, during environmental monitoring or search and rescue operations. An application
becomes particularly attractive when robots are equipped with high-precision, durable sensors
and sophisticated algorithms for data processing and interpretation. A challenge, however,
remains the real-time interpretation of odor signals with high temporal resolution that incor-
porates environmental interference and odor signal overlap. Given the rapid advancements in
multimodal signal detection, integration, and processing, as well as the kinetic capabilities of
modern robots, we can expect to see more sophisticated, efficient, and autonomous robotic
systems capable of leveraging olfactory data for a wide range of tasks.

Despite the strides made in sensor technology, the challenge of accurately identifying odors
at an appropriate temporal resolution to harness the information carried by odor dynamics
remains a significant hurdle. To overcome this, research is focused on understanding the
mechanisms behind olfactory recognition and applying engineering principles to replicate
these processes [122]. To this end, artificial recurrent network agents trained to locate the
source of simulated odor plumes allow the prediction of memory requirements and the neural
dynamics underlying this behavior [123]. The development of olfactory brain-computer inter-
faces provides another promising approach to bridge biology and technology through a more
profound understanding of odor processing [124]. These innovations not only enhance our
interaction with the natural world but also open up new avenues for technological integration
and application across diverse fields.

Conclusions

Research on the spatiotemporal aspect of olfactory information has gained considerable trac-
tion over the last few years. Despite significant advances in odor delivery and large-scale
recording techniques, there remains substantial scope for further research, particularly in
understanding the finer aspects and mechanisms of neural processing in the olfactory bulb
and higher cortical areas. Future studies are likely to delve deeper into how odor-evoked neu-
ral activity induces behavioral outcomes in more dynamic settings. Combining more naturalis-
tic behavioral assays with neurophysiological recordings using high-density silicon probes and
the latest JGCaMP8 calcium indicators [125] will further help to identify the neural circuits
that integrate temporal odor information with spatial memory. Furthermore, complementary
computational modeling and machine learning techniques that simulate rodent navigation
strategies will allow us to predict how different cues contribute to their behavior.

The integration of olfactory sensors in technology, particularly in robotics and real-time
monitoring systems, presents an exciting frontier. These developments hold the promise of
enhancing the sensitivity and adaptability of automated systems, potentially mirroring the
nuanced perceptual capabilities found in nature. We conclude that olfaction offers a unique
gateway to mechanistically understand how spatial information reaches and gets processed in
the brain. By continuing to explore these areas, we can anticipate not only a richer understand-
ing of olfactory neuroscience but also significant advancements in the practical applications of
this knowledge.
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