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Hippocampal projections to the anterior olfactory
nucleus differentially convey spatiotemporal
information during episodic odour memory
Afif J. Aqrabawi 1 & Jun Chul Kim1,2

The hippocampus is essential for representing spatiotemporal context and establishing its

association with the sensory details of daily life to form episodic memories. The olfactory

cortex in particular shares exclusive anatomical connections with the hippocampus as a result

of their common evolutionary history. Here we selectively inhibit hippocampal projections to

the anterior olfactory nucleus (AON) during behavioural tests of contextually cued odour

recall. We find that spatial odour memory and temporal odour memory are independently

impaired following inhibition of distinct, topographically organized hippocampal-AON path-

ways. Our results not only reveal a longstanding unknown function for the AON but offer new

mechanistic insights regarding the representation of odours in episodic memory.
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What happened, when, and where? The ability to readily
integrate elements of a unique event into a single
representation is a fundamental property of episodic

memory1. Encoding, storing, and retrieving contextually unique
episodes is crucial for making sense of the present, forming
predictions about the immediate future, and selecting behavioural
responses relevant to survival2–4.

Lesion and recording studies in humans and non-human
animals have highlighted a central role of the hippocampus
(HPC) in mediating episodic memory5,6. The spatial and tem-
poral context of an event are first encoded within the HPC as the
collective activity of place and time cells7,8. Contextual informa-
tion later serves as a potent retrieval cue, bringing about the rich
multisensory details of the original experience9,10. An emerging
theory holds that the HPC conducts this retrieval process by
reinstating patterns of cortical activity observed during
learning11,12. Yet, it is not known how hippocampal transmission

of contextual information can reproduce the sensory aspects of
episodic memory.

Olfaction is considered the most evolutionarily ancient sense as
evidenced by the direct anatomical connections between the
olfactory cortex and the limbic system13,14. In particular, hippo-
campal projections to the olfactory cortex offer a unique
experimental model for understanding the context-driven recol-
lection of previously encountered sensory stimuli. Recently, we
revealed a dense and topographically organized projection from
the dorsoventral extent of the HPC to the anterior olfactory
nucleus (AON)15 (Fig. 1a). The AON receives unidirectional,
monosynaptic inputs from the CA1, in contrast to other primary
sensory areas that receive hippocampal inputs indirectly via
adjacent medial temporal lobe structures16.

The AON is an ideal site of convergence for olfactory and
contextual information given its anatomical position as the initial
recipient of input from the olfactory bulb and the largest source
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Fig. 1 Inhibition of AON-projecting hippocampal neurons impairs context-dependent odour memory recall. a Coronal section depicting site of AAV-ChR2-
YFP and -mCherry injections in the hippocampus (top) and the resulting innervation pattern at the AON (bottom). Coordinates mark anteroposterior
position from bregma. Scale bars represent 1 mm; ac, anterior commissure; pc, piriform cortex; l, lateral AON; m, medial AON; vp, ventroposterior AON.
b Schematic diagram depicting experimental approach. CAV2-Cre was infused into the AON, whereas Cre-responsive AAV-hM4D-mCherry was injected
in the hippocampus. c Representative sections depicting AON-projecting HPC neurons expressing hM4D-mCherry. Magnification is indicated on the
bottom right of each panel. Scale bars represent 1 mm (black) or 10 μm (white). d The olfactory spatial memory test paradigm. CNO-treated hM4D
mice investigated the familiar and novel odour location to a largely equal extent, indicative of impaired spatial odour memory (Independent-samples t-test,
t(16)= 3.194, **P < 0.01). e The olfactory temporal order memory test paradigm. CNO-treated hM4D mice were impaired in memory for the temporal
occurrence of encountered odours (Independent-samples t-test, t(16)= 2.795, *P < 0.05). f Both groups showed normal performance in a context-
independent novel odour recognition test (Independent-samples t-test, t(16)= 0.05644, NS, P= 0.9557). For all behavioural tests, CNO was injected
15 min before the retrieval phase. The odour in the novel spatiotemporal configuration is numbered in red. Positive discrimination ratios indicate preference
for the novel odour-context configuration. mCherry control group: n= 8, hM4D group: n= 10. Data are presented as mean ± SEM
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of feedback projections within the olfactory cortex17,18. Con-
sistently, it has been shown that hippocampal inputs to the
AON can alter olfactory perception and odour-guided beha-
viours19. However, the functional role of the HPC-AON pathway
remains unexplored. Here we combine chemogenetic and opto-
genetic approaches to demonstrate that information
regarding the spatial and temporal context of odour memory is
delivered by topographically organized hippocampal inputs to the
AON.

Results
AON-projecting HPC cells support context-dependent odour
memory recall. Using c-Fos as a proxy for neural activity we
measured the AON’s response to a novel odour and context,
separately or in combination. We found that the AON exhibits a
widespread increase in c-Fos-positive neurons following exposure
to a novel context-odour pairing, yet neither stimulus alone was
sufficient to evoke an increase in the number of labelled cells
compared with homecage controls (Supplementary Fig. 1). These
results are in line with previous work on the response properties
of AON principal cells and suggest that the AON has a role in
context-odour coincidence detection20,21.

To manipulate activity in the HPC-AON pathway, we infused the
retrogradely propagating canine adenovirus encoding Cre recombi-
nase (CAV2-Cre) into the AON, followed by HPC infusions of an
Adeno-associated virus (AAV) vector carrying a Cre-dependent
inhibitory hM4D-mCherry (AAV8-hSyn-FLEX-hM4D-mCherry)
or mCherry alone (AAV8-hSyn-FLEX-mCherry) (Fig. 1b). This
allowed us to selectively inhibit AON-projecting HPC cells upon the
administration of clozapine-N-oxide (CNO), thereby limiting the
AON’s response to a context-odour pairing (Supplementary Fig. 2).
Cre-mediated viral mCherry expression was observed throughout
the ventral two thirds of the hippocampal CA1 (Fig. 1c). Three
weeks after viral infusion, mice underwent behavioural tests to
evaluate memory for the associations between odours and the
spatiotemporal context in which they occurred. Assessing the
retrieval of episodic odour information was made possible by
capitalizing on the innate tendency of mice to preferentially
investigate novel stimuli22. Thus, mice can behaviourally express
correct memory by investigating odours paired with a novel position
in space, or temporal sequence, more so than familiar
configurations.

We first tested the ability to remember where specific odours
occurred in context. In two encoding phases of a spatial odour
memory test, mice were presented with two different odours
(odour 1 and 2) placed on opposite ends of a distinct context (A)
for 5 min. Mice were then placed in a separate context (B) where
the same odours were positioned in reversed locations. Each
exposure was followed by a 15 min retention delay, the second of
which was preceded by a CNO injection. In the subsequent
retrieval phase, animals were reintroduced to context A wherein
two copies of either odour 1 or 2 were presented on both sides. In
this paradigm, correct memory expression would drive mice to
investigate the odour found at the novel location (NL) within the
context, as seen in control mice expressing mCherry alone
(Fig. 1d). In contrast, CNO-treated hM4D mice investigated both,
otherwise identical odours for a similar proportion of time. These
results cannot be explained by differences in total investigation
time or distance travelled as both groups displayed similar
measures in each (Supplementary Fig. 3).

Next, we examined memory for when specific odours were
encountered. Mice were presented with a sequence of odours in
three successive encoding phases followed by a retrieval phase
where two of the previously encountered odours were reintro-
duced. Control mice preferentially investigated the odour

encountered earlier in the sequence, yet CNO-treated hM4D
mice investigated both odours to a largely equal extent (Fig. 1e).
Importantly, the spatial context was consistent throughout the
test where novelty was only conferred by temporal distance (TD)
between the two odours. Lastly, to examine whether hippocampal
function can be extended to memory for odours regardless of
context, we conducted a novel odour recognition test where
animals were presented with a familiar and previously unexplored
odour. Both groups preferentially investigated the novel odour
despite CNO administration (Fig. 1f). Discrimination ratios
obtained for both groups under all conditions were compared to
zero (chance performance) and the results detailed in Supple-
mentary Table 1. Together, our findings indicate that AON-
projecting HPC cells mediate the retrieval of odour memory only
when it is tied to spatiotemporal context.

Spatiotemporal information is transmitted along distinct
HPC-AON pathways. The ring of cells which constitute the AON
is typically partitioned into four subregions based on their relative
cardinal positions: pars medialis (mAON), pars dorsalis (dAON),
pars lateralis (lAON), and pars ventralis (vAON)17,23. Previous
studies have found that each subregion displays distinct
cytoarchitectural, morphological, neurochemical, and con-
nectivity patterns, thereby providing critical foundations for
defining AON subregional boundaries23 (for a review, see ref. 17).
Our recent neuroanatomical study revealed a previously
unknown topographic gradient in HPC-AON projections such
that the ventral-most part of the HPC innervates most heavily the
medial aspect of the AON and, progressively, more dorsal parts of
the HPC innervate increasingly more lateral positions at the
AON15. As a result, our definition of the mAON encompasses the
pars medialis, yet includes a portion of what is traditionally
accepted to be pars dorsalis.

Such topographically organized HPC terminals at the AON
may transmit distinct contextual cues depending on where they
arise within the HPC. To explore this idea, we employed
archaerhodopsin (ArchT) to optogenetically inhibit intermediate
HPC (iHPC) or ventral HPC (vHPC) terminals that innervate
separate AON subregions. One group of mice received bilateral
infusions of AAV-CaMKIIa-ArchT-eYFP into the iHPC with
optic fibre implantations in the lateral AON (lAON) for
inhibiting the iHPC-lAON pathway and another group under-
went viral infusions into the vHPC with optic fibre implantations
in the medial AON (mAON) for inhibiting the vHPC-mAON
pathway (Fig. 2a; Supplementary Fig. 4). A control group given
counterbalanced infusions and implantations were prepared
using AAV expressing green fluorescent protein (GFP) only.
The efficacy of optogenetic inhibition was confirmed in a separate
group of mice unilaterally infused with ArchT, where hippo-
campal terminal inhibition during a novel context-odour
encounter selectively reduced the density of c-Fos positive cells
within the AON ipsilateral to the manipulation, leaving the
contralateral side unaffected (Supplementary Fig. 5).

Animals were tested in the same behavioural paradigms used
for hM4D experiments, except inhibition was mediated by light
(532 nm, 12 mW) limited to the retrieval phase. Illumination of
the iHPC-lAON and vHPC-mAON pathways disrupted memory
for where odours were encountered, as both groups were unable
to discriminate odours tied to a spatial location within a specific
context (Fig. 2b). In contrast, only vHPC-mAON, but not iHPC-
lAON pathway inhibition impaired memory for when odours
occurred in a temporal sequence (Fig. 2c). Importantly, all groups
showed similar levels of novelty preference in a context-
independent novel odour recognition test (Fig. 2d). A comparison
of the discrimination ratios with chance performance can be
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found as Supplementary Table 2. The identified impairments in
episodic odour memory retrieval suggest that representations of
space and time are differentially distributed across the AON
whereby both iHPC and vHPC inputs deliver spatial information,
but information regarding the temporal context is supported only
by vHPC inputs.

The behavioural tests employed thus far were designed to
separately examine the spatial and temporal elements of episodic
odour memory. However, given the unified nature of recollected
episodes, it is necessary to probe memory-based behavioural
judgements while the animal concurrently weighs both para-
meters. To investigate further the spatiotemporal contributions of
hippocampal inputs to the AON, we adopted an episodic memory
test where recollection of an odour, its spatial location, and
temporal occurrence (what–when–where) were tested
simultaneously24,25. The test involved two encoding phases and
one retrieval phase, each separated by a 1 h delay (Fig. 3a). Light-
mediated inhibition was limited to the retrieval phase. During the
encoding phases, mice sampled two distinct odours placed at
adjacent corners of an open field, and then sampled a new set of
odours positioned on the opposite side of the arena. In the
retrieval phase, all four odours were presented, each possessing a
unique spatiotemporal configuration. Encountered odours were
either in a novel location and appeared earlier in temporal
distance (NL/TD), familiar in location/temporally distant (FL/
TD), novel in location/temporally recent (NL/TR), or familiar in
location/temporally recent (FL/TR).

The control group displayed a pattern of investigation
indicative of their novelty preference such that the greatest
proportion of time was spent investigating the odour encountered
in the most novel spatiotemporal combination (NL/TD), while
investigation time for the remaining odours decreased in a
familiarity-dependent manner: (NL/TD) > (FL/TD)≃ (NL/TR) >
(FL/TR) (Fig. 3a, b). The iHPC-lAON group spent the greatest
proportion (~50%) of time investigating the odour with the FL/
TD configuration, while the NL/TR odour was investigated least.
Strikingly, inhibition of the vHPC-mAON pathway produced an
inverse pattern of investigation to the control group. The odour
presented in the FL/TR configuration was investigated most,
while the NL/TD odour was investigated least. A separate analysis
delineating the spatial and temporal contributions to memory
revealed that iHPC-lAON pathway inhibition impaired spatial
but not temporal odour associations, while the vHPC-mAON
pathway inhibition impaired both components to a similar extent
(Fig. 3c). Collectively, these findings confirm the differential roles
of the iHPC-lAON and vHPC-mAON pathways in conveying
spatiotemporal information during olfactory episodic memory
retrieval.

HPC-AON input is necessary for context-driven odour recall.
The ability to explicitly recollect sensory information is a hall-
mark of episodic memory, particularly when lacking a physical
sensory cue26. Context alone can drive the activity of primary
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Fig. 2 Spatial and temporal information is transmitted along separate HPC-AON circuit elements. a Diagram depicting location of ArchT infusions within
the HPC and optic fibre implantations above the AON in both experimental groups. iHPC terminals are predominantly found in the lAON (left) whereas
vHPC fibres preferentially innervate the mAON (right). b Inhibition of both iHPC-lAON and vHPC-mAON pathways impaired spatial odour memory
(GFP: n= 10; iHPC-lAON: n= 12; vHPC-mAON: n= 12; one-way ANOVA, F(2,31)= 11.65, ***P < 0.0005). c Inhibition of the vHPC-mAON, but not iHPC-
lAON pathway impaired memory for the temporal order of a sequence of odours (GFP: n= 12; iHPC-lAON: n= 12; vHPC-mAON: n= 16; one-way ANOVA,
F(2,37)= 9.235, ***P < 0.005). d HPC-AON pathway is not necessary for context-independent novel odour recognition (all groups: n= 10; one-way
ANOVA, F(2,27)= 1.824, NS, P= 0.1807). Scale bars represent 1 mm. Coordinates indicate anteroposterior position from bregma. Data are presented as
mean ± SEM
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olfactory regions to form internal representations of odours
although the underlying neural circuit is unknown9,10. To this
end, we examined whether the HPC-AON pathway could support
this function. Mice were allowed to explore a rich spatial context
in the presence of a pure odour emitted from a cotton swab tip for
30 min per day over nine consecutive days. On day 10, mice were
reintroduced to the context in the absence of the applied odour.
The mismatch between the odour-paired context and the lack of
an emitted scent drives an increase in the investigation time for
the cotton swab (Supplementary Movie 1). Indeed, control mice
exhibited a marked increase in investigation of the cotton swab
upon failure to find the expected odour (Fig. 4a; Supplementary
Fig. 6). In contrast, hM4D- and ArchT-mediated inhibition of the
HPC-AON pathway abolished this behaviour. All groups showed
no increase in investigation time when similarly trained but tested
in a novel context (Fig. 4b). In a separate group of mice trained
on an odour-context association and later exposed to the context
alone, immunostaining for c-Fos revealed a context-driven acti-
vation of the AON, complimentary to similar activity patterns
observed in the olfactory bulb and piriform cortex (Supplemen-
tary Fig. 7)9,10. Together, these results indicate that HPC-AON
communication is necessary for mediating the context-driven
recollection of odours.

Discussion
The HPC has an essential role in organizing memory for sensory
events within the framework of spatiotemporal context, a func-
tion integral to episodic memory27. Memory for sensory experi-
ences are theorized to be distributed in modality-specific
neocortical networks12,26,28–31. The scattered components of the
engram are bound by the HPC which acts as an integrative hub,

providing storage for context-based associative indices32. Later
during retrieval, the HPC uses the associative index to reinstate
patterns of cortical activity that were observed during encoding11.
One functional magnetic resonance imaging study in particular
provided initial evidence for the reactivation of the olfactory
cortex during odour memory recollection9. In their study, human
subjects were instructed to learn associations between an odour
and a context after which they were examined for the effect of the
context alone on neural activity during memory retrieval. Both
the primary olfactory cortex and the anterior HPC were activated,
adding further support for the role of the HPC in binding sensory
memory traces preserved in modality-specific neural regions.

We show that HPC inputs to the AON are necessary for
mediating the context-driven recollection of odours (Fig. 4). In
our context-driven odour recollection paradigm, the context
alone has been shown to produce an internal representation of
the associated odour and drive behavioural investigation of the
empty odour source10. Whether the activity of place and time
cells within the HPC are themselves sufficient to trigger retrieval
of the odour memory remains unknown. It is possible that the
increased firing rate of ‘misplace’ or mismatch cells within the
HPC facilitates the reinstatement of odour representations within
the AON, particularly when mice failed to find the odour paired
with the context. These hippocampal principal neurons were first
characterized in O’Keefe’s33 landmark paper where place units
were also described. Misplace cells fire maximally after encoun-
tering novel stimuli or at the mismatch between experience
and expectation (i.e., when rats sniffed in a particular location
where a novel stimulus was found or when rats failed to find
the expected stimulus which had been there)33. Thus, the firing of
misplace cells may serve as a signal to instigate odour recollection
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when the odour is no longer present. Inhibition of the HPC-AON
pathway may have interrupted the downstream propagation of
this signal thereby preventing the exploratory behaviour usually
displayed.

To our knowledge, this work provides the first functional
demonstration that hippocampal inputs to the olfactory cortex
are necessary for episodic odour memory. Specifically, we show
that inhibition of hippocampal inputs to the AON results in a loss
of odour memory when it is tied to spatiotemporal context
(Fig. 1). Next, we demonstrated that hippocampal representations
of space and time are differentially distributed across the AON
such that both iHPC and vHPC inputs transmit spatial infor-
mation, whereas information regarding the temporal context is
supported by vHPC inputs (Figs. 2, 3). The segregation of hip-
pocampal inputs by their spatiotemporal contribution is con-
sistent with recording studies which suggest that each dimension
of an event is coded independently within overlapping

hippocampal neural populations34. Although the dorsal HPC is
commonly thought to dominate spatial processing, particularly
when contrasted to the ventral aspect, this dichotomic perspective
is being revised in light of growing evidence for a hippocampal
model characterized by multiple levels of functional long-axis
gradients and discrete domains35. This alternative perspective
better accommodates recent findings demonstrating iHPC and
vHPC involvement in transmitting spatial information and is in
accordance with our results24,36. Lastly, in addition to the AON,
HPC axon fibres were found, albeit to a much lesser extent,
within the tenia tecta, an extension of the HPC into the olfactory
peduncle. Little is known about the function of this structure,
thus the contribution of HPC inputs to the tenia tecta remains
undetermined.

Ultimately, our findings support a model of episodic odour
memory whereby information regarding odour quality and spa-
tiotemporal context merge at the level of the AON and, as a
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aspects of training being equivalent to mice tested in the training context (hM4D experiment—hM4D-mCherry: n= 10, mCherry control: n= 8; two-way
ANOVA main effect of treatment F(1,32)=0.5035, NS, P= 0.4831; main effect of Day F(1,32)= 0.0581, NS, P=0.8111; interaction between treatment and Day
F(1,32)= 0.01156, NS, P=0.9150; ArchT experiment—GFP: n= 12, iHPC-lAON: n= 12, vHPC-mAON: n= 12; two-way ANOVA main effect of treatment
F(2,66)=0.4907, NS, P=0.6144; main effect of Day F(1,66)= 0.007502, NS, P= 0.9312; interaction between treatment and Day F(2,66)=0.2189, NS,
P= 0.8040). Data are presented as mean ± SEM
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natural consequence of Hebbian synaptic plasticity, produce
cellular populations that represent previously encountered odours
within the context in which they occurred (Fig. 5). Such a system
maintains the fidelity of the original memory and allows access
for retrieval of the full trace via partial cues from either olfactory
or contextual inputs.

Our findings reveal a previously unreported function for the
AON, a structure that has long remained elusive in its role in
olfactory information processing. The AON, in its position
immediately posterior to the olfactory bulb and anterior to the
piriform cortex, maintains connections at nearly every synaptic
step in the olfactory pathway17. Its central arrangement and
extensive command over activity within the olfactory cortex
makes the structure a conceivable repository of episodic odour
engrams. Adding further weight to this possibility is the AON’s
well-documented involvement in the early pathophysiology of
Alzheimer’s disease, a debilitating disorder of episodic mem-
ory37–41. In fact, the AON has repeatedly been identified as the
earliest site of neurodegeneration, including cell loss and the
formation of neurofibrillary tangles, senile plaques, and other
associated histological markers42–45. Complementing these
observations is a vast body of work which reports olfactory
dysfunction, specifically olfactory memory loss and hyposmia, as
symptoms of the onset of Alzheimer’s disease46–49. Consistently,
our previous findings have also implicated the AON in the top-
down modulation of olfactory sensitivity19. Studies of olfactory
deficits associated with Alzheimer’s disease have now prompted
measurements of olfactory ability to be used as clinical bio-
markers in the early diagnosis of the disease50–52.

Our findings implicate the AON as the storehouse of episodic
odour engrams and suggest that its accelerated degeneration may
underlie the olfactory dysfunction observed in Alzheimer’s dis-
ease. Thus, the HPC-AON pathway provides a novel circuit
model for studying fundamental aspects of human episodic
memory and the odour memory deficits commonly found in
neurodegenerative conditions.

Methods
Animals. Male C57BL/6 mice (Charles River Laboratories) were used in all
behavioural tests. All mice were 8–10 weeks old at the time of surgery and
12–14 weeks old at the time behavioural testing began. Before surgery, mice were
group-housed in a temperature-controlled room on a 12 h light/dark cycle with ad
libitum access to food and water. Following surgery, mice were individually housed.
A total of 60 mice were distributed into two groups for hM4D experiments
(hM4D-mCherry: n= 10, mCherry control: n= 8) and three groups for ArchT
experiments (GFP-control: n= 14, iHPC-lAON: n= 12, vHPC-mAON: n= 16).
An additional 29 animals were used for c-Fos immunoreactivity experiments. All
procedures were performed in accordance with the guidelines of the Canadian
Council on Animal Care and the University of Toronto Animal Care Committee.

Surgical procedures. CAV2-Cre viral vector was purchased from the Plateforme
de Vectorologie de Montpellier, AAV2/8-hSyn-FLEX-hM4D-mCherry (hM4D)
and AAV2/8-hSyn-DIO-mCherry (mCherry control) from the vector core at
University of North Carolina at Chapel Hill, and AAV2/5-hSyn-hChR2-mCherry
(ChR2-mCherry), AAV2/5-hSyn-hChR2-eYFP (ChR2-YFP), AAV2/5-CaMKIIa-
ArchT-eYFP (ArchT), and AAV2/8-CB7-CI-EGFP-RBG (GFP-control) from the
University of Pennsylvania Vector Core. Stereotaxic surgery was conducted on
mice anaesthetized with isoflurane and administered ketoprofen (5 mg/kg) for pain
management. For chemogenetic experiments, CAV2-Cre viral vector was bilat-
erally infused into the mAON (10° angle toward midline; anterior/posterior
(AP):+ 2.90, medial/lateral (ML): ± 1.10, dorsal/ventral (DV):− 3.42) and lAON
(no angle; AP:+ 3.20, ML: ± 1.10, DV:− 3.90) at a volume of 0.1–0.2 μL and
hM4D into the iHPC (no angle; AP:− 2.70, ML: ± 2.20, DV:− 2.00) and vHPC
(10° angle away from midline; AP:− 2.92, ML: ± 2.15, DV:− 4.90) at a volume of
0.3–0.4 μL. The position immediate to the rhinal fissure was used as a landmark
to delineate intermediate and ventral parts. For optogenetic experiments, ArchT
or GFP-control was bilaterally infused into the iHPC or vHPC in a volume of
0.3–0.4 μL, and optical fibres (200 μm core diameter, 0.39 NA; Thorlabs, Newton,
NJ, USA) threaded through 1.25 mm-wide zirconia ferrules (Thorlabs) were
bilaterally implanted into the lAON or mAON, respectively. For anterograde tra-
cing experiments, ChR2-mCherry was infused into the vHPC and ChR2-YFP was
infused into the contralateral iHPC. All infusions were made by means of pressure
ejection at a rate of 0.1 μL/min through a cannula connected by Tygon tubing to a
10 μL Hamilton syringe (Hamilton, Reno, NV). A 15 min interval was allotted after
each infusion to limit the viral spread.

Drugs. CNO obtained from the NIH was dissolved in a solution of 10% dimethyl
sulphoxide and 0.9% saline. A dose of 5 mg/kg of CNO was used in all behavioural
experiments using hM4D-mCherry- and mCherry-only-expressing animals. All
CNO treatments were separated by a minimum of 72 h.

Apparatus for optogenetic experiments. Inhibition of hippocampal terminals at
the AON was conducted by illumination with green light (532 nm, 12 mW) gen-
erated by a diode-pumped solid state laser (Laserglow, Toronto, ON, Canada). The
laser was connected to a 1 × 2 optical commutator (Doric Lenses, Quebec, QC,
Canada), which divided the light path into two arena patch cables attached to the
implanted optical fibres.

Experimental design. Unless otherwise noted, all tests took place in a 50 cm ×
25 cm × 20 cm plexiglass open-topped cage. Odours were presented mixed with
woodchip bedding in 3 cm wide, 1 cm high aluminium cups. Multiple identical
odour cups were used such that an animal never investigated the same cup twice.
The odours used included nutmeg, vanillin, coriander, banana, garlic, cinnamon,
thyme, almond, onion, curry, ginger, savoury, cumin, dill, jasmine, coffee, oregano,
sage, and rosemary. The odours presented and the order of their presentation
between animals was pseudorandomized. For habituation, mice were given 15 min
of exploration time for each unique context prior to initial exposure. Each exposure
was 5 min in length and inter-trial intervals were 15 min. All tests were video-
recorded at 60 fps using a NIKON D5200 equipped with a 30 mm lens. An addi-
tional overhead video was recorded using a Logitech webcam. All videos were
subsequently scored blind to the treatment groups. Exploration was strictly defined
as head up sniffing, directed towards and within 1 cm of the odour source. This
definition excludes the use of the odour cup for sitting or as support during rearing.

Olfactory spatial memory test: In this paradigm adapted from Eacott and
Norman53, mice were tested for memory of odour location in context. The test
chamber was altered to produce two distinct contexts. Zebra-patterned paper was

What When and where

Fig. 5 Conceptual diagram for the formation of episodic odour memory. A model of episodic odour memory whereby information regarding odour quality
and spatiotemporal context merge at the level of the AON producing cellular populations that represent previously encountered odours (what) within the
context in which they occurred (when and where)
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used to line the walls of context A, whereas context B had transparent walls
surrounded by red plastic cups and bedding on the floor. Each animal underwent
two encoding phases and one retrieval phase. During the first encoding phase, mice
explored context A where two highly distinct odours were placed at opposite ends
of the chamber (odour 1 on the left and odour 2 on the right). Next, mice were
removed from the chamber and placed in a holding cage. The mice were then
returned to the chamber, except it was now configured as context B and contained
both odours in opposite positions (odour 2 on the left and odour 1 on the right).
The animals were allowed to explore both odours in their new positions before
being placed back into the holding cage. For the retrieval phase, the chamber was
reconfigured as context A but now two copies of one odour were presented on both
sides of the chamber. Time spent investigating the odour cups was measured. The
novel configuration consists of the familiar odour in a novel position within the
original context. The initial context and left/right position of the odour cups were
pseudorandomized.

Olfactory temporal order memory test: This paradigm is based on similar tests
used previously to measure memory for the temporal order of objects54,55. Mice
were tested in a transparent chamber with spatial cues kept constant throughout
the session. Each animal underwent three encoding phases and one retrieval phase.
In the first exposure, mice were placed in the chamber with two copies of one
odour presented on opposite sides of the arena. After exploring both copies, the
animal was removed from the chamber and placed in a holding cage. This process
was repeated two more times using different odours each time. During the retrieval
phase the animal was returned to the chamber, but this time earlier and recently
explored odours were presented on opposite sides. In this case, the odour explored
earlier is more novel given its TD compared with the recently explored odour. The
left–right positions of the first and last odours during the test were
pseudorandomized. Time spent investigating both odours was measured.

Novel odour recognition test: This test was given 72 h after examining
performance on temporal order memory and followed a similar paradigm. The
animals underwent three encoding phases where two copies of a unique odour
were presented in each. On the retrieval phase, mice were presented with the
initially encountered odour and a previously unexplored odour on opposite sides of
the chamber. Time spent investigating each odour was measured.

Olfactory episodic memory test: Animals were first habituated to the apparatus,
which consisted of a 50 cm × 50 cm × 20 cm transparent plexiglass open field for a
30 min period. The animals were then exposed to two encoding phases and one
retrieval phase each separated by a 1 h delay. In the first encoding phase, animals
were given 10 min to explore two different odours located at two adjacent corners
of the arena. In the second encoding phase, the animals were given an additional
10 min to explore another set of unique odours presented on the opposite adjacent
corners. During the retrieval phase, all four odours were presented with the spatial
position of one odour from each set exchanged. This presentation results in each
odour possessing a unique spatiotemporal configuration—NL/TD, FL/TD, NL/TR,
and FL/TR. Successful memory for an integrated (what, when, and where) memory
results in a pattern of exploration such that the odour with the NL/TD
configuration is preferentially investigated the most while the FL/TR configuration
is investigated the least. Time spent investigating all four odours was measured for
5 min in the retrieval phase. Overhead videos were analysed using the ANY-maze
software to produce average heat maps of each treatment group’s position within
the arena.

Context-driven odour recall test: In this paradigm adapted from Mandairon
et al.10, mice were trained to associate a visually distinct context with an odour and
subsequently tested for recollection of the odour when exposed to the context
alone. The testing apparatus consists of a 50 cm × 30 cm × 20 cm plexiglas cage
with colourful visual patterns pasted on the outside of the walls. A wooden
applicator with a cotton swab tip was positioned 3 cm from the floor and 5 cm
from one end of the chamber. Before introducing mice into the chamber, 100 μL of
a pure odourant was applied to the cotton tip. Each mouse was randomly assigned
a monomolecular odourant to be trained with among limonene, isoamyl acetate,
nonane, and 1-pentanol. Mice were allowed to explore the context and the odorized
cotton swab for 30 min per day for 9 consecutive days. On Day 10, mice were once
again placed into the cage, however no odour was added to the cotton swab.
Investigation time of the cotton swab was measured on day 9 and 10 for the first 5
min of their exposure to the context. Upon failure to detect the expected odour,
mice behaviourally expressed memory by spending a greater amount of time
investigating the cotton swab compared to their investigation time when the odour
was present on Day 9.

General histology. After behavioural testing, mice were transcardially perfused
with phosphate-buffered saline (PBS, pH 7.4), followed by 4% paraformaldehyde in
phosphate buffer. Brain tissue was extracted and postfixed overnight at 4 °C. The
brains were then cryoprotected using a 30% sucrose in PBS solution. Coronal
40 µm-thick sections were collected using a cryostat (Leica, Germany). The sections
were slide-mounted, counterstained with 4′,6-diamidino-2-phenylindole 135 for
5 min and subsequently coverslipped with Aquamount (Polysciences, Inc., War-
rington, PA). Wide-field fluorescent images were captured using a 4 × objective
lens on a fluorescent microscope (Olympus, Japan). Confocal images were captured
using a × 20 and × 60 objective through a Quorum spinning disk confocal
microscope (Zeiss, Germany). Adobe Photoshop CS6 (Adobe Systems,

Incorporated, San Jose, CA) was used to adjust the brightness and contrast of
representative sections.

Immunohistochemistry. For c-Fos immunostaining, free-floating tissue sections
were obtained and washed with PBS with Triton X-100 (PBS-T) and then blocked
with normal donkey serum (5 in 0.1% PBS-T) for 1 h. The sections were subse-
quently incubated with rabbit polyclonal anti-c-Fos antibody (1:1000 in PBS-T;
Santa Cruz Biotechnology, California) for 72 h on a nutating mixer at 4 °C. After
incubation with the primary antibody the sections were submerged in Alexa Flour
594-conjugated donkey anti-rabbit secondary antibody (1:500 in PBS-T; Invitro-
gen) for 90 min at room temperature.

Validation of chemo- and optogenetic inhibition. To characterize the AON’s
response patterns we exposed groups of three animals to one of four conditions:
homecage only, homecage with an applied odour (100 µL of limonene on a cotton
ball), novel context only, or novel context with an applied odour. With the
exception of the homecage control group, all animals were put into each condition
for a total duration of 30 min.

To validate our chemogenetic and optogenetic manipulations, we prepared two
groups of four animals—one group received unilateral CAV2-Cre infusions into
the mAON and Cre-responsive hM4D in the vHPC; another received unilateral
ArchT infusions into the vHPC and optic fibre implantations in the mAON. Each
group was exposed to a novel odour-context pairing for 10 min (reduced from
30 min to prevent prolonged illumination in the optogenetic experiment). hM4D-
expressing mice were injected with CNO 15min prior to exposure whereas ArchT-
expressing mice were illuminated with green light throughout the exposure. In the
subsequent tissue analysis, the mean density of c-Fos-labelled neurons were
compared between each hemisphere.

To examine context-driven AON activity, two groups of three mice were
trained on a context-odour association by placing the animals in a context (50 ×
30 × 20 cm plexiglas closed-lid cage with colourful visual patterns pasted on the
outer walls) with an applied odour for 1 h over three consecutive days. The
mice were killed the following day after exposure to the context-odour pair
or the context alone for 30 min. c-Fos density was measured and compared
to a third group trained and exposed to a context in the absence of an applied
odour.

All animals were transcardially perfused 75 min after initial exposure to their
testing condition.

Cell counting. Every other section from bregma+ 3.20 to+ 2.34 was collected and
immunostained for c-Fos. Sections were mounted and scanned using a 4 × objec-
tive lens on a fluorescent microscope. c-Fos-positive cell counting was performed
using the cellSens software (Olympus). The area of each AON section was outlined
to form a region of interest (ROI) and the number of mCherry-expressing cells
were counted. Calibration parameters were established using randomly chosen
prominent neurons and adjusted by raising the threshold of detection to a con-
servative level, excluding the majority of false positives. Once set, the calibration
was kept constant. The density of neurons was calculated by dividing the
number of labelled cells in the ROI by the area for each AON section. The mean
density was determined for each animal and for all animals in each experimental
group.

Calculations and statistical analysis. The discrimination ratios were derived
from the exploration time of odour-context pairings during the retrieval phase of
each test. For all tests based on the spontaneous novelty preference paradigm, the
discrimination ratio was calculated as the difference between the times spent
exploring the novel and familiar odour-context configurations divided by the total
amount of time investigating both odours. Here, a value of zero indicates that the
animal investigated both odours to an equal extent. Positive values up to one
indicate preference for the novel combination, whereas a negative value indicates
greater investigation of the familiar odour-context pair. The discrimination ratios
of each group obtained using the behavioural paradigms detailed in Fig. 1 and
Fig. 2 were compared to zero (chance performance) using a (two-tailed) one-
sample t-test.

For the episodic memory test, percent investigation time was calculated by
dividing the amount of time spent investigating an individual odour-spatiotemporal
configuration by the time investigating all odours and multiplied by 100%:

NL=TD
NL=TDþ NL=TRð Þ þ FL=TDþ FL=TRð Þ ´ 100%

For analysing spatial memory, the difference in the amount of time spent
investigating odours with novel and familiar positions was divided by the total
investigation time:

NL=TDþ NL=TRð Þ � FL=TDþ FL=TRð Þ
NL=TDþ NL=TRð Þ þ FL=TDþ FL=TRð Þ
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For temporal memory, the difference in the time spent investigating odours
experienced earlier and later was divided by the total investigation time:

NL=TDþ FL=TDð Þ � NL=TR þ FL=TRð Þ
NL=TDþ NL=TRð Þ þ FL=TDþ FL=TRð Þ

Performance in novelty preference-based paradigms was compared using t-test
in hM4D experiments and a one-way analysis of variance (ANOVA) with testing
group as the factor in optogenetic experiments. Percent investigation time data
collected in the episodic memory test was analysed using a two-way ANOVA with
testing group and odour-spatiotemporal configuration as factors. A two-way
ANOVA was used to analyse data in the contextually cued odour recall test for
hM4D and optogenetic experiments, respectively, using experimental day and
treatment group as factors. Where appropriate, Tukey’s multiple comparisons test
was used for post hoc comparisons. Significance was defined as *P < 0.05, **P <
0.005, ***P < 0.0005, ****P < 0.0001.

Data availability. All relevant data are available from the corresponding authors
upon reasonable request.

Received: 13 January 2018 Accepted: 11 June 2018

References
1. Tulving, E. Elements of Episodic Memory. (Oxford Univ. Press, Oxford, 1985).
2. Chanes, L. & Barrett, L. F. Redefining the role of limbic areas in cortical

processing. Trends Cogn. Sci. 20, 96–106 (2016).
3. Chu, M. W., Li, W. L. & Komiyama, T. Balancing the robustness and efficiency

of odor representations during learning. Neuron 92, 174–186 (2016).
4. Davachi, L. & DuBrow, S. How the hippocampus preserves order: the role of

prediction and context. Trends Cogn. Sci. 19, 92–99 (2015).
5. Tulving, E. & Markowitsch, H. J. Episodic and declarative memory: role of the

hippocampus. Hippocampus 8, 198–204 (1998).
6. Eichenbaum, H. Memory: organization and control. Annu. Rev. Psychol. 68,

19–45 (2017).
7. Moser, E. I., Kropff, E. & Moser, M.-B. Place cells, grid cells, and the brain’s

spatial representation system. Annu. Rev. Neurosci. 31, 69–89 (2008).
8. Eichenbaum, H. Time cells in the hippocampus: a new dimension for mapping

memories. Nat. Rev. Neurosci. 15, 732–744 (2014).
9. Gottfried, J. A., Smith, A. P., Rugg, M. D. & Dolan, R. J. Remembrance of

odors past: human olfactory cortex in cross-modal recognition memory.
Neuron 42, 687–695 (2004).

10. Mandairon et al. Context-driven activation of odor representations in the
absence of olfactory stimuli in the olfactory bulb and piriform cortex. Front.
Behav. Neurosci. 8, 138 (2014).

11. Tanaka et al. Cortical representations are reinstated by the hippocampus
during memory retrieval. Neuron 84, 347–354 (2014).

12. Nyberg, L., Habib, R., McIntosh, A. R. & Tulving, E. Reactivation of encoding-
related brain activity during memory retrieval. PNAS 97, 11120–11124 (2000).

13. Isaacson, R. The Limbic System. 2nd edn. (Plenum Publishing Corp, New York
City, NY, 1982).

14. Rowe, T. B., Macrini, T. E. & Luo, Z. X. Fossil evidence on origin of the
mammalian brain. Science 332, 955–957 (2011).

15. Aqrabawi, A. J. & Kim, J. C. Topographic organization of hippocampal inputs
to the anterior olfactory nucleus. Front. Neuroanat. 12, 12 (2018).

16. Swanson, L. W. & Köhler, C. Anatomical evidence for direct projections from
the entorhinal area to the entire cortical mantle in the rat. J. Neurosci. 6,
3010–23 (1986).

17. Brunjes, P. C., Illig, K. R. & Meyer, E. A field guide to the anterior olfactory
nucleus (cortex). Brain Res. Rev. 50, 305–335 (2005).

18. Carson, K. A. Quantitative localization of neurons projecting to the mouse
main olfactory bulb. Brain Res. Bull. 12, 629–634 (1984).

19. Aqrabawi et al. Top-down modulation of olfactory-guided behaviours by the
anterior olfactory nucleus pars medialis and ventral hippocampus. Nat.
Commun. 7, 13721 (2016).

20. Kay, R. B., Meyer, E. A., Illig, K. R. & Brunjes, P. C. Spatial distribution of
neural activity in the anterior olfactory nucleus evoked by odor and electrical
stimulation. J. Comp. Neurol. 519, 277–289 (2011).

21. McGinley, M. J. & Westbrook, G. L. Membrane and synaptic properties of
pyramidal neurons in the anterior olfactory nucleus. J. Neurophysiol. 105,
1444–1453 (2011).

22. Ennaceur, A. & Delacour, J. A new one-trial test for neurobiological studies of
memory in rats. 1: behavioral data. Behav. Brain. Res. 31, 47–59 (1988).

23. Haberly, L. B. & Price, J. L. Association and commissural fiber systems of the
olfactory cortex of the rat. II. Systems originating in the olfactory peduncle.
J. Comp. Neurol. 181, 781–808 (1978b).

24. Barker et al. Separate elements of episodic memory subserved by distinct
hippocampal-prefrontal connections. Nat. Neurosci. 20, 242–250 (2017).

25. Dere, E., Huston, J. P. & De Souza Silva, M. A. Episodic-like memory in mice:
simultaneous assessment of object, place and temporal order memory. Brain
Res Protoc. 16, 10–19 (2005).

26. Wheeler, M. E., Petersen, S. E. & Buckner, R. L. Reactivation of encoding-
related brain activity during memory retrieval. Proc. Natl Acad. Sci. USA 97,
11125–11129 (2000).

27. Eichenbaum, H. What versus where: non-spatial aspects of memory
representation by the hippocampus. In: Behavioral Neuroscience of Learning
and Memory. Current Topics in Behavioral Neurosciences vol. 37 (eds. Clark,
R. E & Martin, S.) 101–117 (Springer, Berlin, Heidelberg, 2016).

28. Sakai, K. & Miyashita, Y. Neural organization for the long-term memory of
paired associates. Nature 354, 152–155 (1991).

29. Vaidya, C. J., Zhao, M., Desmond, J. E. & Gabrieli, J. D. Evidence for cortical
encoding specificity in episodic memory: memory-induced re-activation of
picture processing areas. Neuropsychologia 40, 2136–2143 (2002).

30. Kraemer, D. J. M., Macrae, C. N., Green, A. E. & Kelley, W. M. Musical
imagery: sound of silence activates auditory cortex. Nature 434, 158 (2005).

31. Goldberg, R. F., Perfetti, C. A. & Schneider, W. Perceptual knowledge retrieval
activates sensory brain regions. J. Neurosci. 26, 4917–4921 (2006).

32. Teyler, T. J. & Rudy, J. W. The hippocampal indexing theory and episodic
memory: updating the index. Hippocampus 17, 1158–1169 (2007).

33. O’Keefe, J. A. Place units in the hippocampus of the freely moving rat. Exp.
Neurol. 51, 78–109 (1976).

34. Eichenbaum, H. On the integration of space, time, and memory. Neuron 95,
1007–1017 (2017).

35. Strange, B. A., Witter, M. P., Lein, E. S. & Moser, E. I. Functional organization
of the hippocampal longitudinal axis. Nat. Rev. Neurosci. 15, 655–669 (2014).

36. Spellman, T., Rigotti, M., Ahmari, S. E., Fusi, S., Gogos, J. A. & Gordon, J. A.
Hippocampal-prefrontal input supports spatial encoding in working memory.
Nature 522, 309–314 (2015).

37. Averback, P. Two new lesions in Alzheimer’s disease. Lancet 19, 1203 (1983).
38. Esiri, M. M. & Wilcock, G. K. The olfactory bulbs in Alzheimer’s disease.

J. Neurol. Neurosurg. Psychiatry 47, 56–60 (1984).
39. ter Laak, H. J., Renkawek, K. & van Workum, F. P. The olfactory bulb in

Alzheimer disease: a morphologic study of neuron loss, tangles, and senile
plaques in relation to olfaction. Alzheimer Dis. Assoc. Disord. 8, 38–48 (1994).

40. Price, J. L. & Morris, J. C. Tangles and plaques in nondemented aging and
“preclinical” Alzheimer’s disease. Ann. Neurol. 45, 358–368 (1999).

41. Attems, J. & Jellinger, K. A. Olfactory tau pathology in Alzheimer disease and
mild cognitive impairment. Clin. Neuropathol. 25, 265–271 (2006).

42. Price, J. L., Davis, P. B., Morris, J. C. & White, D. L. The distribution of
tangles, plaques and related immunohistochemical markers in healthy aging
and Alzheimer’s disease. Neurobiol. Aging 12, 295–312 (1991).

43. Kovács, T., Cairns, N. J. & Lantos, P. L. Olfactory centres in Alzheimer’s
disease: olfactory bulb is involved in early Braak’s stages. Clin. Neurosci.
Neuropathol. 12, 285–288 (2001).

44. Christen-Zaech, S. et al. Early olfactory involvement in Alzheimer’s disease.
Can. J. Neurol. 30, 20–25 (2003).

45. Foveau, B., Albrecht, S., Bennett, D. A., Correa, J. A. & LeBlanc, A. C.
Increased Caspase-6 activity in the human anterior olfactory nuclei of the
olfactory bulb is associated with cognitive impairment. Acta Neuropathol.
Commun. 4, 127 (2016).

46. Doty, R. L., Reyes, P. F. & Gregor, T. Presence of both odor identification
and detection deficits in Alzheimer’s disease. Brain Res. Bull. 18, 597–600
(1987).

47. Niccoli-Waller, C. A., Harvey, J., Nordin, S. & Murphy, C. Remote odor
memory in Alzheimer’s disease: deficits as measured by familiarity. J. Adult
Dev. 6, 131–136 (1999).

48. Djordjevic, J., Jones-Gotman, M., De Sousa, K. & Chertkow, H. Olfaction in
patients with mild cognitive impairment and Alzheimer’s disease. Neurobiol.
Aging 29, 693–706 (2008).

49. Vasavada, M. M., Martinez, B., Wang, J., Eslinger, P. J., Gill, D. J., Sun, X.,
Karunanayaka, P. & Yang, Q. X. Central olfactory dysfunction in Alzheimer’s
disease and mild cognitive impairment: a functional MRI study. J. Alzheimers
Dis. 59, 359–368 (2017).

50. Stamps, J. J., Bartoshuk, L. M. & Heilman, K. M. A brief olfactory test for
Alzheimer’s disease. J. Neurol. Sci. 333, 19–24 (2013).

51. Devanand, D. P. et al. Olfactory deficits predict cognitive decline and
Alzheimer dementia in an urban community. Neurology 84, 182–189 (2015).

52. Albers, D. A. et al. Episodic memory of odors stratifies Alzheimer biomarkers
in normal elderly. Ann. Neurol. 80, 846–857 (2016).

53. Eacott, M. J. & Norman, G. Integrated memory for object, place, and context in
rats: a possible model of episodic-like memory? J. Neurosci. 24, 1948–1953 (2004).

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05131-6 ARTICLE

NATURE COMMUNICATIONS |  (2018) 9:2735 | DOI: 10.1038/s41467-018-05131-6 | www.nature.com/naturecommunications 9

www.nature.com/naturecommunications
www.nature.com/naturecommunications


54. Hunsaker, M. R., Fieldsted, P. M., Rosenberg, J. S. & Kesner, R. P. Dissociating
the roles of dorsal and ventral CA1 for the temporal processing of spatial
locations, visual objects, and odors. Behav. Neurosci. 122, 643–650 (2008).

55. Mitchell, J. B. & Laiacona, J. The medial frontal cortex and temporal memory:
tests using spontaneous exploratory behaviour in the rat. Behav. Brain. Res.
97, 107–113 (1998).

Acknowledgements
We thank Drs. Rutsuko Ito, Boyer Winters, Kaori Takehara, Paul Whissell, and John
Yeomans for their valuable input regarding the collection and interpretation of data. This
research was funded by operating grants to J.C.K. from the Canadian Institutes for
Health Research (CIHR) (MOP 496401) and the Natural Sciences and Engineering
Council of Canada (NSERC) (MOP 491009).

Author contributions
A.J.A. and J.C.K. carried out the study conceptualization and experimental design. A.J.A.
performed and analysed behavioural experiments. A.J.A. and J.C.K. wrote the
manuscript.

Additional information
Supplementary Information accompanies this paper at https://doi.org/10.1038/s41467-
018-05131-6.

Competing interests: The authors declare no competing interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2018

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05131-6

10 NATURE COMMUNICATIONS |  (2018) 9:2735 | DOI: 10.1038/s41467-018-05131-6 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-018-05131-6
https://doi.org/10.1038/s41467-018-05131-6
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Hippocampal projections to the anterior olfactory nucleus differentially convey spatiotemporal information during episodic odour memory
	Results
	AON-projecting HPC cells support context-dependent odour memory recall
	Spatiotemporal information is transmitted along distinct HPC-AON pathways
	HPC-AON input is necessary for context-driven odour recall

	Discussion
	Methods
	Animals
	Surgical procedures
	Drugs
	Apparatus for optogenetic experiments
	Experimental design
	General histology
	Immunohistochemistry
	Validation of chemo- and optogenetic inhibition
	Cell counting
	Calculations and statistical analysis
	Data availability

	References
	Acknowledgements
	Author contributions
	Competing interests
	ACKNOWLEDGEMENTS




