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Abstract

Mounting evidence shows that dopamine in the striatum is critically involved in reward-based
reinforcement learning!2. However, it remains unclear how dopamine reward signals influence
the entorhinal-hippocampal circuit, another brain network critical for learning and memory3-5,
Here, using cell-type-specific electrophysiological recording6, we show that dopamine signals
from the ventral tegmental area/substantia nigra control encoding of cue-reward association rules
in layer 2a fan cells of the lateral entorhinal cortex (LEC). When mice learned novel olfactory cue-
reward associations using a pre-learned association rule, spike representations of LEC fan cells
grouped newly learned rewarded cues with a pre-learned rewarded cue, but separated them from
a pre-learned unrewarded cue. Optogenetic inhibition of fan cells impaired the learning of new
associations while sparing the retrieval of pre-learned memory. Using fiber photometry, we found
that dopamine sends novelty-induced reward expectation signals to the LEC. Inhibition of LEC
dopamine signals disrupted associative encoding of fan cells and impaired learning performance.
These results suggest that LEC fan cells represent a cognitive map of abstract task rules, and that
LEC dopamine facilitates the incorporation of new memories into this map.

The entorhinal cortex-hippocampus circuit is critically involved in the formation of
declarative memory. The entorhinal cortex is anatomically segregated’ into the medial
entorhinal cortex (MEC) involved in spatial memory and navigation®, and the LEC. We
previously showed the involvement of LEC in the formation of associative memory?, but
underlying circuit mechanisms remained unclear.
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LEC fan cells are required for associative learning

To investigate mechanisms during the formation and retrieval of associative memory, we
designed a cue-reward associative learning task for mice (Fig. 1a). Mice were initially
trained on lick/no-lick odor-reward associative learning (Odor-A — lick, Odor-B — no-
lick). After learning (>80% correct), daily associative learning sessions were tested. First,
a session with pre-learned Odors-A and -B (AB-only session), and then an AB12 session
having a pair of novel odor cues (Odor-C — lick, Odor-D — no-lick) were tested. With
the already acquired association rule, mice quickly learned the new association by trial and
error (>80% at trial 21.9 £ 2.7, n = 10 mice). Associative learning was repeatedly tested

in individual mice using novel odor cues for each session. Novel odors associated with
lick (C, E, G,...) and no lick (D, F, H,...) are collectively termed as Odor-1 and Odor-2,
respectively. We investigated the function of LEC layer 2 neuron types!®-12 (Fig. 1b—c).
Sim1* layer 2a fan cells project to the dentate gyrus and hippocampal CA3, whereas Wfs1*
layer 2b pyramidal cells do not project to the hippocampus but instead provide cortical
projections?-14. Using Sim1-Cre and Wfs1-Cre mice, we inhibited activity of fan cells or
pyramidal cells (Fig. 1d—e). Adeno-associated virus encoding inhibitory protein Jaws!® in
a Cre-dependent manner (AAV-flex-Jaws) was injected bilaterally in the LEC, followed by
a bilateral implantation of optic fibers above the LEC (Extended Data Fig. 1). A similar
number and density of fan cells and pyramidal cells was labeled in the LEC (Extended
Data Fig. 2, p>0.05, Wilcoxon rank sum test; see Supplementary Table 1 for statistics
details hereafter). When the activity of fan cells was inhibited with red laser, acquisition of
new associations (Odors-1/2) was severely impaired (Fig 1d, p<0.001, ANOVA; p<0.001,
post-hoc Tukey test; n = 10 mice). The impairment of new learning was mainly caused

by increased miss trials for novel Odor-1 (Extended Data Fig. 2). Percentage of correct
learning sessions also decreased by inhibition (inhibition 25.0%, control 90.9%, p<0.001).
Interestingly, performance of pre-learned association (Odors-A/B) was spared during the
inhibition (2>0.05), suggesting the involvement of fan cells in the acquisition of new
association, but not in the retrieval of pre-learned association. By contrast, inhibition of
Wis1* pyramidal cells did not affect new association nor pre-learned association (Fig. 1e,
£>0.05). A comparison between cell types confirmed that fan cell inhibition specifically
impaired new association of Odors-1/2 (Fig 1f, p<0.001). A fluorophore-only control group
using AAV-flex-GFP with laser confirmed these results (Extended Data Fig. 2). We also
performed inhibition of fan cells during pre-learning of Odor-A and Odor-B, which slowed
the acquisition of these associations (Extended Data Fig. 2). These data indicate that LEC
fan cells, but not pyramidal cells, are necessary for the acquisition of new associative
memory.

LEC fan cells represent cue-reward associations

Having established the role of LEC fan cells in associative learning, we next investigated
information carried by their spike activity. To isolate activity specifically from fan cells,

we used a cell-type specific (“opt-tag”) recording method® (Fig. 2a). We recorded 213

LEC fan cells (n=7 mice) and found that activity of fan cells dynamically changed during
associative learning (Fig. 2b—c). An example fan cell (Fig. 2b) exhibited spike firing during
the cue-delay periods of novel Odor-1 and Odor-2 trials in their first 10 trials (p<0.01, black
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asterisks in Fig. 2b). As learning progressed, a response to Odor-A (pre-learned rewarded)
emerged but the response to Odor-2 (novel unrewarded) decreased, while maintaining firing
for Odor-1 (novel rewarded) through the last 10 trials (p<0.05 or better, red asterisks in

Fig. 2b). Another example fan cell developed firing only for Odor-B trials during learning
(Fig. 2c). We compared fan cell population activity in the first, middle and last 10 trials

of the session (defined as timepoint 1, 3and 5 (T1, T3 and T5), respectively; Fig. 2d

and Extended Data Fig. 3). Fan cell activity was strongest during the odor cue period and
gradually decayed in the delay-reward periods (Extended Data Fig. 4), implying conjunctive
representation of olfactory cue and task relevant information. Population representations for
each trial type were then compared using principal component analysis (PCA, Fig. 2d). Fan
cell activity was relatively silent and did not distinguish between Odor-A and B during the
retrieval of pre-learned association (AB-only session). After novel odors were introduced

in T1, a large proportion of fan cells acquired strong firing to Odor-1, reflected as a large
deflection of PCA trajectory, but fired weakly during other odor trials (Fig. 2d). As learning
progressed in T3, fan cell activity for Odor-A and Odor-B trials started to segregate, whereas
activity for Odor-1 shifted on top of Odor-A activity. This overlap of activity between
Odor-A and Odor-1 trials was maintained through T5, whereas the separation of activity
between Odors-A/1 and Odor-B increased.

To test the similarity of fan cell representations between cue types, we measured Euclidian
distances of trajectories (Fig. 2d). The distance peaked at 0.5 — 1.5 s after odor offset. We
measured distances in this period and compared with a 95th percentile distance obtained
from shuffled data (red line in Fig. 2e and Extended Data Fig. 4). Distance between Odor-A
and B was small in T1, but became significantly larger than shuffle in T3-T5, indicating

a separation of fan cell representations between Odor-A and B. By contrast, A-1 distance
was significantly larger than shuffle in T1, but became smaller in T3-T5, suggesting an
overlap of Odor-1 and A representations. We further assessed this overlap and separation
of fan cells using a similarity index (SI), where SI = — (distancerea|_data — distanceshyffie)/
distanceshufrie (Fig. 2f). Positive Sl represents overlap of representations between two odor
trial types, whereas negative Sl represents separation. With additional timepoints (T2 and
T4), the Sl plot showed that fan cell activity separated Odor-A and B trials during the
early phase of learning (T1 — T3), whereas activity for Odor-A and 1 trials overlapped
(Fig. 2f). A bootstrapping analysis confirmed the emergence of A-1 overlap and A-B
separation during learning (Extended Data Fig. 5). Together, these data demonstrate that
during associative learning, fan cell activity established a representation of novel Odor-1
trials that gradually overlapped with that of pre-learned Odor-A trials, while separating
Odors-A/1 from pre-learned Odor-B trials. Curiously, this categorization of LEC fan cells
matched the reward contingency of odor cues: reward-associated Odor-A and Odor-1 were
grouped together, whereas non-rewarded Odor-B was separated from them, suggesting a
cue-reward associative memory encoding of fan cells. Novel non-rewarded Odor-2 was
not clearly represented by fan cells (Fig. 2d). The overlap and separation of fan cell
representations were also observed when the incorrect trials were excluded from the PCA,
excluding the possibility that the representations emerged from the increasing rate of correct
trials (Extended Data Fig. 6). Another PCA using only lick trials (correct trials for Odors-
AJ/1 and error trials for Odors-B/2) revealed a similar A-1 overlap and A-B separation,
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suggesting that fan cells do not simply represent lick-related motor information (Extended
Data Fig. 6). When mice were overtrained with Odor-A, B, C and D, A-C overlap and A-B
separation were observed in Days 1-4 but disappeared in Days 5-10, suggesting that these
representations are required only during associative memory acquisition (Extended Data Fig.
7). In the 15.4% of sessions where mice did not learn new associations (“error sessions”),
the A-1 overlap and A-B separation were weaker than correct sessions (n = 81 cells, Fig.

2g and Extended Data Fig. 5). The percentage of Odor A+1 type cells was lower in error
sessions (Extended Data Fig. 4, p<0.05), which may contribute to the disappearance of

A-1 overlap. These results suggest that the cue-reward associative encoding of fan cells is
predictive of successful learning.

LEC dopamine carries novelty-induced reward expectation signals

What are circuit mechanisms that enable dynamic cue-reward associative encoding of fan
cells? The match between the odor categorization and their reward contingency was the
hint. It was previously shown that the LEC receives the most prominent dopaminergic
inputs among the entorhinal-hippocampal circuit!6-18 (Fig. 3a—b), but its role remained
totally enigmatic. We injected AAV-DIO-ChR2-eYFP in the VTA and substantia nigra pars
compacta (SNc) of dopamine transporter (DAT)-Cre mice, as well as a retrograde tracer in
the LEC, and confirmed that the LEC receives massive dopaminergic axons (Fig. 3c and
Extended Data Fig. 8). In situ hybridization showed that 42% of LEC fan cells expressed
dopamine receptor D1R (185/441 cells, n = 2 mice) (Fig. 3d). We performed red laser
inhibition of dopamine fibers projecting to the LEC (Fig. 3e). Mice showed impairment of
new association (p<0.001, n= 9 mice) but the pre-learned association was spared (p=0.71),
a result similar to that from fan cell inhibition (Fig. 1d). The percentage of correct sessions
decreased (p<0.001). Another control group using AAV-flex-GFP confirmed our results
(Extended Data Fig. 2). A pharmacological inhibition of LEC dopamine using D1R blocker
SCH23390 further confirmed the result (Extended Data Fig. 8). These data indicate that
LEC dopamine is required for the acquisition of new associative memory, but not for the
retrieval of pre-learned memory.

To directly assess the information in the dopamine inputs, we recorded calcium signals
from dopaminergic axons using fiber photometry19.20 (Fig. 3f-h). In AB-only sessions, we
observed virtually no signals. After novel cues were introduced, however, LEC dopamine
axons started to send signals mainly during the cue-delay periods of reward-associated
Odor-A and Odor-1 trials (Fig. 3g-i; p<0.01). For Odor-2, dopamine signals were present in
several initial trials, but became silent as learning progressed. No signals emerged for Odor-
B. To assess dynamics of dopamine signals, we assessed the Sl using difference in calcium
signals between odor types (Fig. 3i). The high SI between Odor-A and 1 confirmed that
dopamine signals were supplied similarly on both odor trials throughout T1-T5, whereas
low SI between Odor-A and B indicated significantly less dopamine signals on Odor-B
trials. These dopamine signals for Odor-A/1 trials were not clearly discernible in error
sessions (Fig. 3j). Together, these data suggest that LEC dopamine fibers initially carry
novelty signals (for Odor-1 and Odor-2) that transitioned to reward expectation signals (for
Odor-A and Odor-1) during learning.
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LEC dopamine facilitates associative encoding of fan cells

To test if LEC dopamine inputs directly control the cue-reward associative encoding of

fan cells, we combined opt-tag recording of fan cells and optogenetic inhibition of LEC
dopamine fibers (Fig. 4a). Although the implanted recording device only allowed unilateral
inhibition, we observed decreased correct rate in T5 (inhibition 84.2 + 1.9%, control

91.7+ 1.1%; p<0.01, n= 8 mice) and decreased correct session number (inhibition 54.3%,
control 92.4%, p<0.001; Fig. 4a and Extended Data Fig. 9). During control sessions,

A-1 overlap, as well as A-B separation, were again observed in fan cell spikes from this
distinct group of mice, confirming our finding (n = 148 cells, Fig. 4b). By contrast, during
unilateral inhibition, fan cells did not show A-1 overlap (n = 134 cells, Fig. 4c). The
instantaneous response to novel odors in T1 disappeared, presumably due to the absence

of dopamine novelty signals (Extended Data Fig. 10). Interestingly, A-B separation still
emerged, implying a dopamine-independent mechanism for A-B separation of fan cells
(Fig. 4c). A bootstrapping comparison and another control group using AAV-flex-GFP
confirmed our result (Extended Data Fig. 5 and 9). Plotting of A-1 integration and

A-B separation as a function of behavioral performance showed positive and negative
correlations between A-1 integration and performance (p<0.05) and between A-B separation
and performance (p<0.01), respectively (Fig. 4d), indicating successful associative learning
when A-1 integration and A-B separation emerged. Together, these data demonstrate

that LEC dopamine inputs are required for establishing the representation of cue-reward
association in LEC fan cells during associative learning (Fig. 4e).

Discussion

Using cell-type-specific recording of LEC fan cells, photometry recording of LEC dopamine
signals, and optogenetic manipulations, our results provide solid neural circuit evidence

that LEC fan cells and LEC dopamine play critical roles in associative learning. These
results indicate that fan cells transform sensory information received from the olfactory
sensory regions?! to task-relevant information before sending it to the hippocampus. At the
cellular level, fan cells receiving axonal inputs for both Odor-A and Odor-1, but inhibited

by interneurons?2, would be disinhibited through dopamine-dependent mechanisms?3 to

fire to the rewarded cues during associative learning. The overlapped representations of

the rewarded cues, separated from the pre-learned unrewarded cue representation, suggest
that fan cells encode memory for rules of cue-reward association. Fan cells may use the
separated representation for Odor-A and -B as a template for new associative memory of
Odor-1, implying that the LEC underlies memory schema representation and subsequent
assimilative learning24. The cue-reward rule representation also implies cognitive maps of
non-spatial, task rule domains?>-26 that facilitate subsequent learning. Here we propose a
unified view of the entorhinal cortex: the LEC represents cognitive maps of abstract task rule
domains whereas the MEC represents cognitive maps of spatial domains?’.

Dopamine signals in the striatum have been conceptualized as reward prediction errorsl2 in
reinforcement learning, while striatal dopamine also sends novelty signals that presumably
activate target circuits to facilitate exploration of potential rewards (“novelty bonus”)28.
The LEC dopamine that emerged for both Odor-1 and -2 in the initial trials may encode
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such novelty signals and function as a “detonator” of fan cell activity for motivating

mice for novel cues. These inputs, however, became active only for Odor-A and -1,
presumably acting then as teaching signals for enhancing the response to rewarded cues. In
the memory system, dopamine signals are hypothesized to regulate the entry of information
into long-term memory2®, and novelty-coding dopamine from the locus coeruleus has been
identified3C. In this study, we provide new evidence that in an area one synapse upstream
from the hippocampus, dopamine signals from the VTA/SNc regulate memory encoding.
Our findings on LEC dopamine would provide a basis for a future theoretical framework
that unifies the roles of two central players in memory — dopamine and the entorhinal-
hippocampal circuit.

All procedures were conducted in accordance with the guidelines of the National Institutes
of Health and approved by the Institutional Animal Care and Use Committee at the
University of California, Irvine. Mice were maintained in standard housing conditions on a
reversed 12h dark/light cycle with food and water provided ad /ibitum. All experiments were
conducted during the dark phase. Mouse lines and their received procedure are summarized
in Supplementary Tables 2 and 4.

All animals either had C57BL/6 background or were backcrossed to C57BL/6 for at least

6 generations. Animals were 3-5 months old at time of surgical procedures. They were
housed individually with an exercise wheel following their first procedure. Medications and
appropriate treatments were applied across 1-2 weeks for recovery. If animals died or were
sick during or before the experiment, their recording positions could not be validated and
therefore were removed from the data analysis. We noted no difference in our preliminary
analyses between sexes.

Electrode, Drive and Optic Fiber Preparation

Opt-tetrode drive.—A custom-built 64-channel drive modified from Cohen et al (2012)
was used for opt-tag recording. Tetrodes for spike recording experiments were produced by
twisting four 17um polyimide-coated 90% platinum / 10% iridium wires (California Fine
Wire). Tetrode contacts were plated at 1kHz with gold or platinum to reduce impedances

to 150-300 kQ. 16 tetrodes were attached surrounding an optic fiber, with tetrode tips
extending 0.2—-0.5 mm from the optic fiber tip. This bundle was held by a custom 3D-printed
drive which allowed free adjustment of tetrode depth along the dorsal-ventral axis. Optic
fibers of either 200 um or 400 pm diameter were used in all experiments.

Optic fibers.—For optogenetic inhibition experiment, optic fibers of 400 um diameter
(Thorlabs) were used. For photometry recording, optic fibers with 400 pm diameter (Doric
lenses) were used.
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Surgery.—For all surgeries, mice were anesthetized with isoflurane (2-3% v/v induction,
0.5-1% maintenance, adjusted according to pinch reflex and breathing rate; air flow: 1.0
L/min). Mice received intraperitoneal injection of buprenorphine following induction of
anesthesia. Anesthetized mice were fixed on a stereotaxic frame (Kopf Instrument) with
auxiliary ear bar (Narishige) atop a heat pad set to maintain body temperature at 36 °C. The
scalp was shaved clean and sanitized with povidone-iodine and 70% ethanol. Lidocaine was
injected subcutaneously under the scalp as a local anesthetic before making an incision. The
skull was cleaned with sterile saline, hydrogen peroxide, and 70% ethanol.

Injections.—Viruses or tracers were loaded into capillary tubes (PCR micropipette,
Drummond) pulled into micropipettes with a Sutter P-30 puller. For injections targeting the
LEC, a 1 mm craniotomy was centered at AP 3.5 mm, ML 3.5 mm from bregma. Injection
needle was angled at 10 degrees laterally and inserted 3800-4000 pm deep from the brain
surface. For viral injections targeting the VTA/SNc, 1 mm craniotomy was centered at

AP 3.15 mm, ML 0.8 mm from bregma. The micropipette was lowered 4000 pm deep

from the brain surface and allowed to settle for several minutes. Viruses were injected

at approximately 0.1 uL/min using a hydraulic manipulator (MO-10, Narishige). After
injecting the desired volume, the micropipette was allowed to settle for five minutes. It was
then removed at approximately 1 mm/min. Craniotomies were sealed with Kwik-Sil silicone
adhesive (World Precision Instruments). Finally, the incision was sutured closed and treated
with Vetbond tissue adhesive (3M) and Neosporin. Mice received subcutaneous injections of
Flunixin and Baytril daily as needed. For the induction of Cre/ERT2, tamoxifen (75 mg/kg
body weight) was injected intracutaneously in Wfs1-Cre mice one week after the injection
for consecutive three days.

Head-plate implantation.—After allowing at least one week for mice to recover from
injection surgery, mice were implanted with a custom-made titanium head-plate to allow
head-fixing during behavior. Mice were anesthetized and prepared as described above. The
headplate was glued flat on the skull with adhesive cement (C&B Metabond, Patterson
Dental), leaving the area above VTA/SNc, LEC and anterior cerebellum accessible for fiber/
tetrode/screw implants.

Opt-tetrode implantation.—Opt-tetrode drives were implanted during the same head-
plate surgery. 1 mm craniotomies were drilled over the right-hemisphere LEC and over the
cerebellum. A reference screw was implanted on the surface of the cerebellum. The optic
fiber/tetrode bundle was then slowly inserted into the LEC at 10 degrees to the right of
vertical, advancing ~3200 pm. The remaining exposed bundle above the skull was coated in
surgical lubricant to enable free adjustment along the DV axis. The base of the drive was
then secured to the skull and headplate with several layers of dental acrylic. While drying,
the drive was surrounded by a conical shield made of an outer plastic transparency sheet
epoxied to an inner aluminum foil sheet. The wound was treated with tissue adhesive and
Neosporin. Subcutaneous injections of Flunixin and Baytril were administered daily for at
least one week after surgery.
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Optic fiber implantation.—For optogenetic inhibition experiments in Sim1-Cre, Wfs1-
Cre and DAT-Cre animals, optic fibers with 400 um diameter were bilaterally implanted

at AP 3.5 mm, ML 3.5 mm, 4000 um depth with an angle of 10 degrees to lateral. For
photometry experiments, optic fibers were implanted either unilaterally or bilaterally at the
same coordinate. Protective conical shields were secured with dental cement after optic fiber
implantation.

Apparatus and Training Procedures

Behavioral apparatus.—A custom-made behavior test apparatus was modified from
Menegas et al (2017) and used in this study. All training and experiments were performed
with the mouse stationed inside a custom sound-proof shielded chamber. Mice were head-
fixed to aluminum bars on both sides of the head, and their bodies were elevated on an
acrylic platform. Lick spouts made from two 20G hypodermic needles (one for sucrose,

one for quinine) were placed in front of mice. Sucrose and quinine were dispensed via
3-port solenoid valves (The Lee Company). An infrared emitter and sensor (Honeywell)
were positioned for the detection of licking. Odor molecules obtained at >90% purity were
dissolved in mineral oil or propylene glycol at 1-100% dilution (Supplementary Table 3).
We used dilution concentrations used in previous olfactory studies3L. We did not observe
differences in learning across odor pairs. 30 pL of odor solution was pipetted into a Puradisc
syringe filter (Whatman). Odorized air (100 mL/min) generated in a custom olfactometer32
was further diluted in vehicle pure air stream (1 L/min) and delivered to the mice through

a plastic tube positioned ~1 cm from the nose tip. A constant vacuum tube was placed
beneath the lick spout to remove lingering odors. The mouse was monitored with an external
webcam throughout experiments. After each session, olfactometer components were washed
and sonicated to remove odor traces. The tasks were automated with custom LabView
scripts on a laptop connected to a DAQ port (National Instruments). The volume of reward
was individually adjusted to each animal’s maximum perceived motivation.

Water deprivation.—Mice were recovered to a stable body weight (~1 week) after
surgery. During this period, tetrodes were lowered by increments of 40-80 um until
significant spike clusters were detected, indicating the LEC superficial cell layer had been
reached. After recovery, mice were water deprived and body weight maintained above 85%
of baseline. Mice were habituated to being head-fixed and encouraged to lick the reward
spout (1-4 days).

Habituation/procedural learning.—Mice were initially habituated and trained for
procedural learning of water licking and withholding licking using three steps.

Step (1-4 days). Habituation to the environment and water reward. Trials were given every
8-12 s (random) consisting of a 1 s non-odorized air puff, 1 s delay, and an LED cue +
automatic 5 pL sucrose water (10%) delivery.

Step 2 (1-5 days). Training animals to lick actively. Sucrose water was delivered by the
detection of licking within 2 s after the LED.
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Step 3 (1-5 days). Training animals to withhold licking during delay period until LED
signal. Mice were additionally required to completely withhold licking during the delay
period preceding the LED; premature licking resulted in abortion of the trial. Delay duration
was incremented from 500 ms to 2000 ms as the mouse learned to suppress premature
licking during the delay.

Pre-learning.—After the completion of habituation/procedural learning, mice were trained
onan odor-cued go/no-go reward association task with 2 second delay33. Go Odor-A
(isoamy! acetate, 5% in mineral oil) and no-go Odor-B (a-pinene, 15% in mineral oil)

were presented in random order every 18-22 s. When animals licked after Odor-B, a 1.5

uL of quinine water (0.64%) was delivered. Mice were thus trained to lick after Odor-A

and withhold after Odor-B. The probability of Odor-B was gradually increased from 10%,
25%, and then to 50%. When animals performed >80% correct rate, Odor-B probability
was increased. If they failed the same probability 3 days in a row, they reverted to the
previous probability. Training was complete when mice scored >80% on three consecutive
daily sessions with 50% Odor-B trials. The pre-learning typically took 5 — 10 days.

Associative learning.—A ~20-trial session that randomly delivers only Odor-A and
Odor-B was tested first (AB-only session). After the AB-only session, two novel odors

in addition to Odor-A and Odor-B were presented in random order every 18-22 s (AB12
session). One of the novel odors was associated with lick, and the other with no-lick.
Mice learned this new association by trial and error. The pair of novel odors were pseudo-
randomly chosen by the experimenter for each session so that mice never repeated a
novel odor pair. The lick-associated odors (Odor-C, -E, -G, ...) were collectively termed
as Odor-1, and the no-lick-associated odors (Odor-D, -F, -H,...) were termed as Odor-2.
The reward contingency of each odor pair was counterbalanced across animals. During
the 160-200 trial AB12 sessions, Odor-A and Odor-B were randomly delivered with 20%
emergence rate each, whereas Odor-1 and Odor-2 were delivered with 30% emergence rate
each. Licking during the delay period automatically aborted the trial. If the correct rate on
the Odor-A/Odor-B trials was below 80%, the mouse was trained again on step 4. This
retraining only occurred twice in one mouse in the Sim1 opt-tagging group, and did not
occur in animals in inhibition groups.

Data Collection

Spike recording.—The tetrodes were connected to a multichannel, impedance matching,
unity gain headstage (Neuralynx). The output of the headstage was conducted to a data
acquisition system (Cheetah software, Neuralynx). Unit activity was amplified by a factor

of 3000-5000 and band-pass filtered from 600 Hz to 6000 Hz. Spike waveforms above a
threshold set by the experimenter (~30 pV) were time-stamped and digitized at 32 kHz for 1
ms. Notch filters were not applied. Tetrodes were advanced 40-80 um to record a different
group of cells in each session of a same type (either control or inhibition session) at the same
recording position, assuring that identical cells were not double counted in a given recoding
group. We typically advanced tetrodes after the recording of one control session and one
inhibition session.
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Opt-tagging.—An optogenetic-assisted cell-type identification was performed as described
previously (Cohen et al., 2012; Kvitsiani et al., 2013). Two opt-tagging sessions were
performed before and after the behavior recording sessions to validate the opt-tag results. 5
ms pulses of 465 nm blue laser stimulation (7-9 mW mm~2 at the tip of implanted optic
fiber) were delivered through the implanted optic fiber at 1, 5, 10, and 20 Hz (5 pulse trains
per frequency, 10 pulses per train) to test the light-induced spike activities.

Optogenetic inhibition.—For inhibition experiments of fan cells, pyramidal cells, and
DAT™ fibers, 635 nm red laser stimulation (20 mW mm~2 at the tip of implanted optic
fiber) was delivered through the implanted optic fiber. Laser was on from the cue onset

for 5 s, followed by a linear taper of 10 s in each of Odor-A, B, 1, 2 trials throughout

the session. For all control experiments, we performed experiments with laser patch fiber
tips placed inside the implanted conical shield, but not connected to the implanted fibers.
Laser was applied inside the shield with the same condition as inhibition experiments. We
used this control condition because a small amount of laser leakage occurred from the
implanted dental cement, and this condition needed to be kept same for both inhibition and
control experiments. Control and inhibition sessions were tested one session each for the
initial group of mice, and were tested at least two sessions each for the latter group of
mice. To control unequal number of sessions from individual mice, we averaged behavioral
performance across sessions for each mouse and used these mean values (see Data Analysis
below).

Photometry recording.—The photometry recording was performed using a custom-made
photometry setup as described previously (Menegas et al., 2017). Briefly, two excitation
lasers (473nm and 561nm, 0.1-0.2 mW) were delivered through a dichroic and a patch cord
(Doric Lenses). Activity-dependent fluorescence emitted by GCaMP-expressing axons was
spectrally separated from the excitation light using a dichroic, passed through a single band
filter, and focused onto a photodetector connected to a current preamplifier (SR570, Stanford
Research Systems). The output voltage signals from the preamplifiers were collected by an
AD board (National Instruments).

Data Analysis

Unless indicated otherwise, analyses were performed using MATLAB codes written by the
authors.

Behavioral analysis.—Behavioral performance was calculated by counting the licking
responses to Odor-A and 1 (hit) and the withholdings to Odor-B and 2 (correct rejection).
Instantaneous behavioral performance (instantaneous percent correct trials) for Odors-A/B
and Odor-1/2 was calculated from a sum of hit and correct rejection trials within a sliding
window of 20 trials, divided by a total trial number of 20. The mean behavioral performance
for each session after the learning (percent correct trials in T5) was calculated from a sum
of hit and correct rejection trials during trials 121-160, divided by a total trial number of 40.
To evaluate the behavioral performance for each mouse, these two values were averaged for
all sessions with the same condition (control or inhibition) for each mouse regardless of the
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performance and shown in the Figures. For percent correct sessions, sessions with (percent
correct trials in T5) > 80% were counted from all sessions pooled from multiple animals.

Spike sorting.—Spike sorting was performed offline using graphical cluster-cutting
software, MClust by Dr. David Redish. Putative excitatory cells were distinguished from
putative interneurons by spike peak-valley width and average rate. All putative excitatory
cells with spike peak-valley width of more than 230 ps and cells with more than 100 spikes
in a session were included for further analysis. We compared spike clusters before and after
turning tetrodes using the distribution of clusters in the 4-dimensional energy plots, spike
autocorrelation, and mean firing frequency, as well as the coding property in the learning
tasks. If there was any sign that clusters can be similar before and after the turning, they
were considered as the same neuron, and the cluster after the turning was excluded from
analyses. If new clusters appeared, they were included in the analyses.

Opt-tag cell identification.—Putative excitatory cells that responded consistently to blue
laser pulses were tagged as Sim1+ cells. We used exactly the same criteria for opt-tagged
neurons as described previously (Kvitsiani et al., 2013). Briefly, the optic response during 10
ms after the laser stimulation was statistically compared from baseline spike activity during
-100 — 0 ms before the laser stimulation using Kullback-Leibler divergence (Stimulus-
Associated spike Latency Test (SALT)). Spike waveforms during the opt-tag stimulation and
behavior recording were compared using waveform correlation to ensure recording from
identical neurons. Neurons with p<0.01 in SALT and waveform correlation of >0.85 were
considered as fan cells.

Spike response.—Mean firing rates in 50-ms bins were obtained using a Gaussian filter
with a sigma of 100 ms and transformed as z-score using the mean firing rate during a
baseline pre-odor period (-1 — 0 s before the odor onset). Significant response was assessed
from total spike numbers during odor (0.5 — 1.5 s after odor onset), delay (2 — 3 s after

odor onset), and reward (3 — 4 s after odor onset) periods, compared with those in 1 s
pre-odor period (Wilcoxon signed-rank test). We used 0.5 — 1.5 s after odor onset for the
odor response period because of the delay from odor delivery to the onset of LEC activity
observed in this and previous studies (lgarashi et al., 2014). The delay period was chosen as
a period 2 — 3 s after odor onset because of this delay in LEC activity.

Principal component analysis (PCA).—Mean firing rates in 50-ms bins during -1 — 4
s after odor onset in each odor type (A, B, 1, 2) were normalized and processed for principal
component analysis as described previously (Cunningham and Yu, 2014). Spike rate was
normalized by subtracting the minimum firing rate and dividing by the maximum firing
rate for each neuron. PCA was performed using Matlab function pca. Principal components
(PCs) 1 and 2 were used for the subsequent analyses (>46% explained by PC1 and PC2

for all assessed sessions). In the correct sessions from Sim1-Cre animal recordings, PC1
explained 39%, 31%, 30%, 24%, and 25% in T1-T5, respectively, whereas PC2 explained
21%, 19%, 19%, 22%, and 23% in T1-T5, respectively. Euclidian distances were calculated
between each odor types. The Euclidian distance during the 1-s period of 0.5 — 1.5 s after
odor onset was assessed as mean distance between odor trial types.
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Shuffle analysis.—Shuffle analysis was used to statistically evaluate the mean distances
between odor types (Igarashi et al., 2014). Shuffle data were obtained by randomly shuffling
the assignment of odor type for each trial while keeping the total number of each trial type
same as the original real data. With this shuffling procedure, the distinct response to specific
odor types observed in the original data disappeared (Extended Data Fig. 4g), producing
randomly distributed spike responses in each odor trial type. Mean distance during the 1-s
period of 0.5 — 1.5 s after odor onset was obtained for each shuffled data. This procedure
was repeated 1000 times, producing 1000 distances for each odor pair. Upper 95™ percentile
of 1000 distances from each odor pair were averaged and used as a threshold for the
statistical assessment.

Similarity index.—A mean shuffle distance was obtained by averaging the shuffle
distance across T1 — T5. A similarity index (SI) was calculated as the difference between
real and mean shuffled distance, normalized by the mean shuffled distance:

SI = — (Mean Distancerea]_data — Mean Distanceghyffle)/Mean Distanceghyffle

The numerator of SI was negatively flipped so that SI becomes positive if the

distance obtained from a given odor pair was smaller than shuffle distance (overlapped
representations of two odors), and negative if the distance was larger than shuffle distance
(separated representations of two odors).

Bootstrapping analysis.—The change of Sl during associative learning was compared
using the bootstrapping method34. Briefly, PCA was performed from a resampled neuronal
population, and this procedure was repeated 1000 times to make 1000 bootstraps. SI was
calculated for each bootstrap, then Sls in T2 — T5 were subtracted by that in T1, to test if
there is a significant distribution above or below zero. Distribution of difference with p<0.05
above or below zero was considered significant. The bootstraps were also compared between
control and inhibition sessions.

Photometry data analysis.—Photometry signals were digitized at 1-kHz. The signals in
each timepoint (F;) were processed using the mean signal during the 1-s before cue onset
(Fo) and expressed as dF/F = (F; — Fg)/Fy, and then Gaussian filtered with a sigma of 200
ms. tdTomato signals were also processed. We did not observe any changes in tdTomato
signals as in previous studies (Menegas et al., 2017). GCaMP signal is shown in z-score by
normalizing dF/F using the dF/F in the 1s period before the cue onset. Mean GCaMP signal
was calculated for each odor trial type by averaging z-score during 0.5 — 3 s after cue onset.

Similarity Index for photometry data was calculated the same as Similarity Index for spike
data, but instead using the absolute difference in mean GCaMP signal between odor trial
types. An absolute difference for shuffle GCaMP signal was obtained by shuffling the trial
types within a session. Similarity index (SI) was calculated as:

SI = — (AGCaMP signalieq]_data — GCaMP signalghyffle)/ GCaMP signalghyffle
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Histology and Reconstruction of Recording Positions

Electrode positions.—Recording positions were confirmed by anesthetizing the drive-
implanted mice using isoflurane and inducing small electrolytic lesions by passing current
(10 pA for 20 s) through the electrodes. Immediately after this, the mice received an
overdose of isoflurane and were perfused intracardially with saline followed by 4% freshly
depolymerized paraformaldehyde in phosphate buffer (PFA). The brains were extracted and
stored in the same fixative overnight. After 24h cryoprotection in phosphate buffer saline
with 30% sucrose at 4°C, tissue samples were embedded in O.C.T. mounting medium and
coronal sections (40 pm) were cut. All tetrodes were identified, and the tip of each electrode
was found by comparison with adjacent sections. Only data from tetrodes in the LEC was
collected for analysis. Note that electrical lesions often made tip holes in the brain section
larger, so that they spanned across cell layers.

Immunostaining.—Sections were rinsed 3 times for 10 min in 1 x PBS (pH 7.6) at room
temperature, then preincubated for 1 hr in 10% normal goat serum in PBST (1 x PBS with
0.5% Triton X-100). Between incubation steps, sections were rinsed in PBST. Sections were
incubated with antibodies against tyrosine hydroxylase, raised in rabbit (MB152, Millipore,
1:1000), GFP, raised in chicken (GFP1010, Aveslab, 1:1000), Reelin, raised in mouse
(MAB5364, Millipore, 1:1000), or Calbindin, raised in rabbit (300, Swant, 1:1000) for 24 hr
in antibody-blocking buffer at 4°C. After three 15 min washes in PBST at room temperature,
sections were incubated in a goat anti-rabbit antibody conjugated with Alexa Fluor 488nm
(ab150077, Abcam, 1:250), goat anti-chicken antibody conjugated with Alexa Fluor 488nm
(A11039, Invitrogen, 1:250), or goat anti-mouse antibody conjugated with Alexa Fluor
488nm (A-11001, Thermo Fisher, 1:250) for 2 hr at room temperature. After rinsing

in PBS, sections were mounted onto glass slides with 40, 60-diamidino-2-phenylindole
(DAPI)-containing Vectashield mounting medium (Vector Laboratories), and a coverslip
was applied. Digital photomicrographs were acquired with an Olympus BX53 fluorescence
microscope equipped with a digital camera.

Fluorescent in situ hybridization with immunostaining.—After perfusion, brains
from Sim1-Cre mice injected with AAV-DIO-mCherry into the LEC were cryoprotected

in RNase-free phosphate buffer saline with 30% sucrose after the perfusion. The tissue
samples were sliced into coronal sections (20 um). The sections were rinsed in PBS

and 0.1 M phosphate buffer, mounted on glass slides, and dried overnight in a vacuum
desiccator. Digoxigenin (DIG)-labeled RNA probe against D1IR mRNA was prepared using
an /in vitrotranscription kit (11175025910, Roche) according to the manufacturer’s protocol
with a plasmid kindly provided by Dr. Kazuto Kobayashi3®. The dried sections were fixed
in 4% PFA, digested using proteinase K (10 ug/mL) for 30 min, and post-fixed in 4%

PFA for 15 min. After prehybridization, the sections were incubated overnight at 65 °C
with DIG-labelled RNA probe. After stringent washing, the sections were incubated in

1% blocking buffer (11096176001, Roche) for 1 h. The sections were then incubated

with an anti-DIG antibody conjugated with peroxidase (11207733910, Roche, 1:500) for

1 h at room temperature. After three 10-min washes in TNT (0.1 M Tris-HCI [pH 7.5],
0.15 M NaCl, 0.1% Tween 20), the sections were treated with diluted Tyramide Signal
Amplification (TSA)-Plus fluorescein reagents for 10 min according to the manufacturer’s
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instructions (NEL741001KT, Perkin-Elmer, 1:100). Subsequently, the sections were washed
in TNT three times for 10 min each, and incubated with primary antibody against mCherry
(AB8181, Origene, 1:1000) at 4°C overnight. The sections were washed three times in

TNT and incubated with an Alexa Fluor 594-conjugated secondary antibody (705-585-003,
Jackson ImmunoResearch Labs, 1:500) for 2 h. After three 10-min washes in TNT, the
sections were counterstained with DAPI diluted in PBS (1 pg/mL) for 5 min. After washing
in PBS, the sections were mounted in PermaFluor (Thermo Fisher Scientific). Digital
photomicrographs were acquired with an Olympus BX51W!I fluorescence microscope
equipped with a digital camera.

Cell counting.—The degree of labeled neurons from Sim1+ population in layer 2a and
Wfs1+ population in layer 2b was evaluated by injecting AAV-DIO-mCherry in Sim1-Cre
and Wfs1-Cre mice at the LEC followed by reelin and calbindin immunostaining. Using
CellSens software (Olympus), we manually counted the labeled neurons in the 500um x
500um block below the rhinal sulcus. Four blocks representing the recorded areas in LEC
were taken from each hemisphere spanning 2.8 — 4.2 mm posterior to Bregma. Data from
sixteen blocks from two mice were used for analysis. The same approach was applied to
evaluate the dopaminergic population from VTA and SNc that project to the LEC. Cholera
toxin B (CTB) was injected in the LEC to trace dopaminergic fibers projecting to the LEC in
retrograde fashion, followed by tyrosine hydroxylase immunostaining. Three to four 500um
x 500pum block images representing the VTA and SNc were taken from each hemisphere
spanning 3.0 — 4.0 mm posterior to Bregma. Data from twenty-two blocks from three mice
were used for analysis.

Statistics and Reproducibility

Data are shown with + standard error. The animal numbers and sampled neuron numbers
(biological replicates) were designed to achieve a power of more than 0.8. Both sexes

of animals, randomized and blinded analyses were used. For statistical testing, data were
first tested for normal distribution using the Kolmogorov-Smirnov test (p<0.05 cut-off). All
statistical methods used are summarized in Supplementary Table 1 and were two-sided.

Histological experiments was repeated independently in difference mice with similar results
for Fig. 1b—c (n = 12), Fig. 3a—b (n=5), Fig. 3c (n=11), Fig. 3d (n=2), Extended Data Fig. 2b
(n=2), and Extended Data Fig. 8e (n=3).

Data and code availability

Neurophysiological data generated in this study are available upon request, and will be
deposited with a subsequent protocol paper.
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Extended Data Figure 1 |. Histological validation of implanted sites.
(a) Optic fiber positions in the LEC of Sim1-Cre mice injected with AAV-flex-Jaws-GFP for

inhibition experiments. Arrowhead, the tip of optic fibers. D, dorsal, V, ventral, M, medial,
L, lateral.

(b) Optic fiber positions in the LEC of Wfs1-Cre mice for inhibition experiment of Wfs1-
expresing pyramidal cells.
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(c) Recording position in the superficial layer of LEC from Sim1-Cre mice for opt-tagging
experiment. Note large lesions because of the electrical lesioning.

(d) Optic fiber positions in the LEC of DAT-Cre mice injected with AAV-flex-Jaws-GFP in
the VTA/SNc for inhibition experiment.

(e) Optic fiber positions in the LEC of DAT-Cre x Ail4 mice for photometry experiment.
Two mice received unilateral implantations and four mice received bilateral implantations.
(f) Recording position in the superficial layer of LEC from Sim1-Cre x DAT-Cre mice for
opt-tagging + inhibition experiment.

(9) Optic fiber positions in the LEC of Sim1-Cre mice injected with AAV-flex-GFP for
control inhibition experiment.

(h) Optic fiber positions in the LEC of Wfs1-Cre mice injected with AAV-flex-GFP for
control inhibition experiment.

(i) Optic fiber positions in the LEC of DAT-Cre mice injected with AAV-flex-GFP at VTA
and SNc for control inhibition experiment.

(1) Recording position in the superficial layer of LEC from Sim1-Cre x DAT-Cre mice for
opt-tagging (ChR2-mCherry) + control inhibition (GFP) experiment.
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Extended Data Figure 2 |. Performance of mice during associative learning.
(a) A model for LEC dopamine and fan cells in associative learning. When novel cues

are presented, LEC dopamine functions as a “detonator” of fan cell activity. Dopamine
gradually supplies reward expectation signals only during rewarded Odor-A and Odor-1
trials, serving as a supervising signal so that Odor-A and Odor-1 are represented in the same
fan cell population. Odor-B is represented by a fan cell population distinct from Odors-A/1,
resulting in A-B separation. Novel unrewarded Odor-2 was not clearly represented in our
recorded population. Two types of errors were observed in our study: The spontaneous error
where A-B separation and A-1 overlap were both abolished (Fig.2g), and the error observed
in the unilateral dopamine inhibition sessions where A-B separation was spared but A-1
overlap was abolished (Fig. 4c).
(b) Sim1 and Wfs1 population counts in the LEC. (Top) Reelin immunohistochemistry
in Sim1-Cre mice injected with AAV-DIO-mCherry. D, dorsal, V, ventral, M, medial, L,
lateral. (Middle) Calbindin immunohistochemistry in Wfs1-Cre mice injected with AAV-
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DIO-mCherry. (Bottom) From left, density of mCherry-positive neurons in Sim1-Cre and
Wfs1-Cre mice, Reelin and Calbindin positive cells, and percentage of mCherry-labeled
neurons. (p>0.05, Wilcoxon rank sum test; n = 16 sections obtained from n = 2 mice for
each group).

(c) We performed an additional experiment to inhibit fan cells during the whole period of
pre-learning with Odor-A and Odor-B (these animals are not included in the data in the
main figures). After injecting Jaws in Sim1-Cre mice, A/B training was repeated (n = 6 GFP
control mice and n = 6 Jaws inhibition mice). Days until animals reached criterion (three
consecutive days of reaching 80%) were compared (p = 0.012, Wilcoxon rank sum test).

(d) Detailed performance of mice during fan cell inhibition.

(d1) Learning curves during control (left) and fan cell inhibition (middle) sessions. In these
plots, the data shown in Fig. 1d were plotted for percent correct trials in each odor trial type
as a function of trial number for each odor type. (Right) Performance of mice in the last 10
trials (p=6.1e-19, ANOVA, p= 6.0e-8, post-hoc Tukey test; n = 10 mice).

(d2) Performance of mice in trials 121-160 as in Fig. 1d, but assessed with discriminability
index (D-prime) (p=3.1e-3, ANOVA, p= 1.2e-5 or better, post-hoc Tukey test; n = 10 mice).
(d3) We performed control experiment using Sim1-Cre mice injected with AAV-flex-GFP
with laser (n = 5 mice). The GFP control experiment showed same result as no-laser control
in Fig. 1d (p=0.0028, ANOVA; p= 3.1e-5 or better, post-hoc Tukey test; n =5 GFP control
mice; n = 10 Jaws inhibition mice).

(e) Same as (d), but for pyramidal cell inhibition in Wfs1-Cre mice in Fig. 2e (p>0.05,
ANOVA; n =5 GFP control mice; n =9 Jaws inhibition mice).

(9) Same as (d), but for bilateral dopamine inhibition in DAT-Cre mice in Fig. 3e (p=0.0017,
ANOVA,; p= 2.0e-5 or better, post-hoc Tukey test; n = 4 GFP control mice; n =9 Jaws
inhibition mice).

(f) Difference of percent correct sessions between control and inhibition as in Fig. 1f,

but plotted for discriminability index (D-prime) (p=0.019, ANOVA; p= 0.0021 or better,
post-hoc Tukey test).
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Extended Data Figure 3 |. Performance and spikes in Sim1-Cre mice.
a, Behavioral performance of mice used for fan cell opt-tag recording (Fig. 2).

(al) Learning curves for Odor-A/Odor-B (blue) and Odor-1/Odor-2 (red) during correct
sessions where mice acquired the association of Odors1/2 (Correct sessions, top left), and
during error sessions where mice did not acquire the new association (Error sessions, top
right). (Bottom left) Percent correct trials averaged for trials 121-160 for Odor-A/B trials
and Odor-1/2 trials during correct and error sessions (p=6.5e-5, ANOVA; p= 1.7e-6 or better,
post-hoc Tukey test; n = 10 mice). (Bottom right) Percent of correct and error sessions.

(a2) Learning curves during correct (left) and error (middle) sessions. In these plots, the data
shown in (al) were plotted for percent correct trials in each odor trial type as a function of
trial number for each odor type. (Right) Performance of mice in the last 10 trials (p=3.3e-8,
ANOVA,; p= 0.001 or better, post-hoc Tukey test; n = 10 mice).

(a3) Performance of mice in trials 121-160 as in (al), but assessed with discriminability
index (D-prime) (p=1.5e-4, ANOVA, p= 6.4e-6 or better, post-hoc Tukey test; n = 10 mice).
b, A representative fan cell shown in Fig. 2b. (Right) Firing frequency in Trials 1 — 10 was
plotted. Mean firing frequencies during 0.5 — 1.5 s after cue onset in each trial are shown in
the bar graph.

c-e, Three additional example fan cells that fired to Odor-1. These cells showed high firing
frequency to Odor-1 within 10 trials.

f, Mean firing frequency to each odor in trials 1 — 10 in T1. Fan cells showed larger firing
frequency to Odor-1 than to other odors starting from trial 2 (n = 213 cells, p=4.1e-30,
ANOVA, p<0.05 or better, post-hoc Tukey test).
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Extended Data Figure 4 |. Spike properties of fan cells in

Sim1-Cre mice.
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(a) — (c), spike properties of fan cells. Fan cells were recorded in a session with Odor-A and
Odor-B (AB session). After ~20 trials in AB session, associative learning (AB12) session

was tested (T1-T5). T5 in error sessions is also shown.
(a) Spike firing of 213 fan cells. Mean spike activity was averaged in 50 ms bins and shown
in z-score compared with =1 — 0 s before odor onset. In this panel, cells were sorted using a

cluster analysis of firing property in T5.
(b) Mean firing rate of 213 fan cells shown in z-score.
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(c) Percent responsive cells in periods of 0.5-1.5 s (odor), 2-3 s (delay) and 3-4 s (choice)
after odor onset. Neurons with significant firing during each period were counted (Wilcoxon
signed-rank test, p<0.05).

(d) Percent responsive cells in correct T5 (top) and error T5 (bottom). Neurons with
significant firing during 0.5-1.5 s after odor onset were counted (Wilcoxon signed-rank

test, p<0.05). Asterisk denotes lower percentage of A-1 responsive cells in error T5 than that
in correct T5 (p<0.05, chi-square test; p<0.05 for A-1 cells, post-hoc residual test with false
discovery rate correction for multiple comparisons).

(e) Trajectories of neural firing of fan cell population (top), Euclidian distance between odor
trial types (middle) and mean Euclidian distance and Similarity Index during 0.5-1.5 s after
odor onset (cue period) for timepoints T1 — T5 of correct sessions (bottom). Ninety-fifth
percentile distance obtained from shuffled data denotes significant distance (red line). Data
during 2-3 s (delay) and 3-4 s (choice) after odor onset were also plotted.

(f) Same as (e), but for error sessions where mice did not learn new associations.

(9) Example trajectories obtained from shuffling analysis. Trajectories of neuronal data
obtained from three shuffled data in correct T5 sessions are shown.

(h) Distribution of mean Euclidian distance obtained from shuffle data in correct T5.
Distance obtained from six possible odor pairs were averaged and plotted. A 95t percentile
of the distribution (red) was used for the cut-off indicating significant distance.
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Extended Data Figure 5 |. Bootstrapping test for spike Similarity Index
The change of Similarity Index (SI) during associative learning was compared using the

bootstrapping method. PCA was performed from a resampled neuronal population, and this
procedure was repeated 1000 times to make 1000 bootstraps. SI was calculated for each
bootstrap, then Sls in T2 — T5 were subtracted by that in T1, to test if there was a significant
distribution above or below zero.
(a) (Top) In correct sessions in Fig. 2, Sl for Odors A-B showed significant decrease in T5
compared to T1 (p =0.039) whereas Sl for Odors A-1 increased (p =1.2e-10), confirming
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A-B separation and A-1 overlap. (Middle) In the error sessions, no A-B separation was
observed (p>0.05). Although A-1 distance decreased during the session (p<0.05), SIAB
stayed in negative values. (Bottom) The subtraction of bootstraps in error session from
correct sessions confirms the difference in A-1 overlap (p<0.05 in T3 and T5, right).
*p<0.05, **p<0.01, ***p<0.001; n = 1000, bootstrapping test.

(b) (Top) In dopamine control sessions, Sl for Odors A-B showed significant decrease in
T5 compared to T1 (p =0.044) whereas Sl for Odors A-1 increased (p =0.0082), confirming
A-B separation and A-1 overlap. (Middle) In the unilateral inhibition sessions, although A-B
separation was observed (p<0.05), no A-1 overlap was observed (p>0.05). (Bottom) The
subtraction of bootstraps in inhibition session from control sessions confirms the effect of
inhibition on A-1 overlap (p<0.05 in T3 — T5, right). These data suggest that dopamine
plays a critical role in establishing A-1 overlapped representations. *p<0.05, **p<0.01,
***n<0.001; n = 1000, bootstrapping test.
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Extended Data Figure 6 |. Additional principal component analyses.
(a) Trajectories of neural firing of fan cell population using only correct (hit) trials for

Odor-A and Odor-1 and correct rejection (CR) trials for Odor-B and Odor-2. The separation
and overlap of fan cells were again observed when the incorrect trials were removed from
the PC analysis.

(b) Trajectories of neural firing of fan cell population using only hit trials for Odor-A and
Odor-1 and error lick (false alarm, FA) trials for Odor-B and Odor-2. Although all of them
are trials in which mice made lick responses, similar overlapped representations between
Odors-A and 1, and their separation from Odor-B were observed, suggesting that fan cells
do not simply represent lick-related motor information.

(c) Principal component analysis (PCA) for 213 fan cells as in Fig. 2d, but using conjunctive
PCA with data from all timepoints (AB-only, T1 — T5). The results show similar A-1 overlap
and A-B separation as in Fig. 2d.
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Extended Data Figure 7 |. Repeated associative learning using the same odor cues
(a) To test the effect of repeated exposure to the same odor pair during associative learning,

sessions with Odor-A, -B, -C and -D were repeated for 10 days in Sim1xDAT mice injected
with AAV-flex-GFP (n = 4 mice, without laser).

(b) Learning curves between Day 1 — Day 4 and Day 5 — Day 10. In Day 1 — Day 4, animals
gradually learned Odor-C and Odor-D as in the regular new association experiment with
novel odor pairs. However, after Day 5, animals showed better performance for Odor-C and
Odor-D from the initial trials. This was confirmed with increased correct rate for Odor-C/D
on trials 1 — 20 in Day 5 — 10 compared to that in Day 1 — 4 (bottom left, p=3.5e-4, ANOVA
with post-hoc Tukey test, p= 0.0025).

(c) Fan cell trajectories for Odor-A, -B, -C and -D in T5 during Day 1 — Day 4 (left, n=101
cells) and during Day 5 — 10 (right, n = 93 cells).

(d) Fan cells showed A-B separation and A-1 overlap in Day 1-4, but this representation
disappeared after animals were overtrained. These results further support the idea that fan
cells were needed only when new associative memory is formed.
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Extended Data Figure 8 |. Properties of LEC dopamine inputs
a-d, Pharmacological blockade experiments during associative learning. We performed

a supplementary pharmacological experiment to validate the optogenetic inhibition
experiments using dopamine D1 receptor antagonist SCH23390, or GABA receptor
agonist muscimol. SCH23390 bilateral injection abolished new learning of Odor-1 and
Odor-2, while sparing the pre-learned association, replicating the result obtained from the
optogenetic inhibition of dopamine fibers (Fig. 3e). Injection of muscimol impaired both the

Nature. Author manuscript; available in PMC 2022 January 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 27

pre-learned association and acquisition of new association, implying an involvement of LEC
neurons other than fan cells in the retrieval of pre-learned association.

(a) Learning curves during saline, SCH23390 and muscimol infusions.

(b) Percent correct sessions during trials 121 — 160 where mice correctly learned new
association (p=6.1e-4, ANOVA; 0.0032 or better, post-hoc Tukey test; n =5 mice)

(c) Example histology from cannula implantations.

(d) Learning curves during saline (left), SCH23390 (middle) and muscimol (right) sessions.
In these plots, the data shown in (a) were plotted for percent correct trials in each odor trial
type as a function of trial number for each odor type. (Right) Performance of mice in the last
10 trials (p=1.3e-15, ANOVA,; p = 2.2e-7, post-hoc Tukey test; n = 5 mice).

e-h, Retrograde tracing of LEC dopaminergic fibers from VTA and SNc

(e) Coronal section of the right hemisphere including LEC, where the retrograde tracer
cholera toxin B (CTB, red) was injected.

(f) Coronal section of the right hemisphere midbrain including VTA and SNc. Anti-tyrosine
hydroxylase (TH, green) immunostaining reveals dopaminergic cells.

(9) Magnified windows from (f). Yellow arrows point to example cells expressing both TH
and CTB, which are further magnified in the rightmost panels.

(nh) From left, density of TH-expressing neurons in VTA and SN¢, TH*CTB™ population
between VTA and SNc, percentage of double-positive neurons among TH+ neurons.
Although VTA has more cells for both TH+ and TH+CTB+ neurons (p<0.001, Wilcoxon
rank sum test), the percentage of CTB+ neurons did not differ between VTA and SNc
(p=0.50, Wilcoxon rank sum test; n = 22 sections obtained from n = 3 mice).

i-k, Calcium imaging of dopamine inputs.

(i) Calcium signals from individual hemisphere (n=10) during first 10 trials (T1, top) and
last 10 trials (middle, T5) in correct sessions. Mean traces are shown at the bottom for T1
(black) and T5 (red). *p<0.05 and **p<0.01, Wilcoxon signed-rank test during 0.5-3s
after cue onset compared with 1-s pre-cue period.

(j) Same as (b), but for error sessions.

(K) Plot of GCaMP calcium signal as a function of trial number after starting AB12 session
(n=10 hemispheres).
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Extended Data Figure 9 |. Dopamine unilateral inhibition during fan cell recording.
(a) Performance of mice during unilateral dopamine inhibition.

(Left) Performance of mice in trials 121-160 as in Fig. 4a, but assessed with discriminability
index (D-prime) (p=5.1e-4, ANOVA,; p=9.6e-3 or better, post-hoc Tukey test; n = 8 mice).
(Middle) Learning curves during control (left) and unilateral dopamine inhibition (right)
sessions. In these plots, the data shown in Fig. 4a were plotted for percent correct trials

in each odor trial type as a function of trial number for each odor type. Plot using 2-trial
moving window is also shown for control sessions.

(Right) Performance of mice in the last 10 trials (p=6.5e-6, ANOVA, p= 0.046 or better,
post-hoc Tukey test; n = 10 mice). In the unilateral dopamine inhibition experiments, each
mouse (n = 8) had 10 — 16 inhibition sessions. Of them, percentage of correct sessions (i.e.
#correct sessions/(#correct sessions + #error sessions) ) were 46.6%, 55.6%, 43.3%, 50.0%,
54.7%, 53.6%, 53.6%, and 42.8%.

(b) We performed control experiments using DAT-Cre mice injected with AAV-DIO-ChR2
and AAV-flex-GFP for unilateral opt-tagging and laser control (n = 4 mice). The GFP
control experiment showed same result as no-laser control in Fig. 4a (p=0.035, ANOVA,; p=
0.044 or better, post-hoc Tukey test; n = 4 GFP control mice; n = 8 Jaws inhibition mice).
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Extended Data Figure 10 |. Firing property of fan cells during dopamine unilateral inhibition
(a) Firing property of fan cells in the no-laser control sessions obtained from Sim1xDAT

mice (n = 148 cells). (Top to bottom) Z-scored firing rates, mean firing rate, percent cells

for each response type, PCA trajectories, Euclidian distance and mean Euclidian distance are
shown as in Fig. 2d.

(b) Same as (a), but for fan cells during unilateral dopamine inhibition (n = 134 cells). Mean
firing rates for Odor-A and Odor-1 were lower than control in T1 (p<0.05, Wilcoxon rank
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sum test). No difference was observed for the distribution of responsive type in T5 between
control and inhibition (p=0.24, chi-square test).

(c) Trajectories, mean Euclidian distance and Sl of fan cells as in Fig. 4b, but from GFP
control animals (n=130 cells).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. LEC fan cells, but not pyramidal cells, were necessary for associative learning
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(a) Head-fixed mice learned association between odor cues and licking for sucrose water
reward. During associative learning sessions, animals were tested with AB-only and AB12
sessions with novel odors (C/D, E/F, or G/H ...). Novel odors are collectively referred to as
Odor-1 and Odor-2 in subsequent figures.
(b) Sim1* fan cells in LEC layer 2a of a coronal section of Sim1-Cre mouse injected with
AAV-DIO-mCherry. D, dorsal, V, ventral, M, medial, L, lateral.
(c) Wifs1* pyramidal cells in LEC layer 2b.

(d) Inhibition of Sim1* fan cells. (Left) Correct trial rate for pre-learned odors (A/B, bluge)
and novel odors (1/2, red) in control and inhibition sessions. Trial number that surpassed
80% criteria (dot), and timepoints T1-T5 (rectangles) are shown. (Middle) Percent correct

in T5 (p=2.3e-4, ANOVA; p= 2.1e-8 or better, post-hoc Tukey test; n = 10 mice). (Right)
Percent sessions where mice correctly learned new association (p=4.1e-10, binomial test).
(e) Same as (d), but for inhibition of Wfs1* pyramidal cells (p=0.60, ANOVA; n = 9 mice).
(f) Difference of performance between control and inhibition showing the effect of inhibition
only on Odor-1/2 trials in fan cell inhibition group (p=8.8e-4, ANOVA; p= 1.3e-4 or better,
post-hoc Tukey test; n = 10 Sim1 and n = 9 Wfs1 mice). All data in mean £ SEM.
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Figure 2. LEC fan cells encoded cue-reward association during learning

(a) Opt-tag recording of Sim1* fan cells. Fan cells expressing Channelrhodopsin2 (ChR2)
showed spike response to blue laser stimulation (see Methods).

(b) An example LEC fan cell showing constant firing for Odor-1 trials during an AB12
associative learning session. This cell increased firing for Odor-A, but decreased for Odor-2
(*p<0.05, **p<0.01 during cue, delay and choice, Wilcoxon signed-rank test). Black trace,
first 10 trials. Red trace, last 10 trials.

(c) An example LEC fan cell that increased firing for Odor-B. All data in mean £ SEM.
(d) (Top) Spike firing rate of n = 213 fan cells shown in z-score during AB-only session
and first 10 (T1), middle 10 (T3) and last 10 (T5) trials of AB12 session. (Middle) PCA
trajectory of fan cell activity for each odor type (> cue-onset;  cue-offset/delay-onset; O
delay-offset). (Bottom) Euclidian distance between odor types.

(e) Mean Euclidian distance during 0.5 — 1.5 s after cue onset. Ninety-fifth percentile
distance obtained from shuffled data denotes significant distance (red line).
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(f) Similarity index (SI) between Odor-A and -B, and between Odor-A and -1 during

the learning. Positive SI denotes overlap of representation, whereas negative Sl denotes
separation (see text).

(9) Same as (d) and (f), but for error sessions where mice did not learn new association (n =
81 cells).
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Figure 3. LEC dopamine fibers sent novelty-induced reward expectation signals
(a) Anti-tyrosine hydroxylase (TH) immunohistochemistry in wild type (WT) mice showing

TH positive fibers in the LEC. RS: rhinal sulcus. APir: Amygdalopiriform transition area.
(b) The LEC receives TH* fibers in layers (L) 2 and 6. The LEC has dense patches of TH*
fibers in the ventral part (asterisks).

(c) Dopaminergic axons in the LEC revealed by injection of AAV-DIO-ChR2-eYFP in the
VTA and SNc of DAT-Cre mice.

(d) In situ hybridization of dopamine receptor DIR mRNA in LEC fan cells.

(e) Same behavior plots as in Fig. 1d, but for inhibition of dopamine fibers in the LEC using
AAV-flex-Jaws injected in the VTA/SNc of DAT-Cre mice. (Left) LEC dopamine inputs
were required for the acquisition, but not for the retrieval of association. (Middle) p=3.1e-5,
ANOVA,; p= 1.0e-7 or better, post-hoc Tukey test; n = 9 mice. (Right) p=6.0e-11, binomial
test.

(f) Optic fiber photometry of calcium signals from dopamine fibers in the LEC.

(9) An example recording of GCaMP signals from LEC dopamine fibers shown in z-score.
(h) GCaMP signals in AB-only session and first 10 trials (T1) and last 10 trials (T5) of
AB12 session (n = 10 hemispheres). *p<0.05 and **p<0.01, Wilcoxon signed-rank test
during 0.5 — 3 s after cue onset compared with 1-s pre-cue period.

(i) (Left) Mean GCaMP signals during 0.5 — 3 s after cue onset during learning. (Odor A
from AB-only to T1: p=0.03, ANOVA; p=0.02 or better, post-hoc Tukey test; Odors A/B/1/2
in T1 - T5: p=1.2e-18, ANOVA,; p=0.04 or better, post-hoc Tukey test. (Middle) Absolute
difference in GCaMP signal amplitude obtained from (i). (Right) Similarity Index calculated
from difference in GCaMP signals between Odor-A and -B and between Odor-A and -1
during the learning.

() Same as (i), but for error sessions. n = 10 hemispheres. All data in mean £ SEM.
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Figure 4. Inhibition of dopamine inputs impaired the cue-reward encoding of LEC fan cells
(a) Opt-tagging was followed by dopamine fiber inhibition using an optic fiber implanted
unilaterally in the LEC. Jaws and ChR2 was expressed in the VTA/SNc and LEC,

respectively, of Sim1-Cre x DAT-Cre mice. Same behavior plots as in Fig. 1d, but for

unilateral dopamine fiber inhibition. (Left) p=0.011, ANOVA; p= 0.006 or better, post-hoc
Tukey test; n = 8 mice. (Right) p=2.5e-11, binomial test. All data in mean + SEM.
(b) (Top) Trajectories of n = 148 fan cells in the last 10 trials of control sessions (Control
T5). (Middle) Mean Euclidian distance in control T5 with shuffle distance (red). (Bottom)
Similarity Index during control T5.
(c) Same as (b), but for unilateral dopamine inhibition sessions (n = 134 cells).
(d) (Left) Similarity Index (SI) between Odor-A and -1 as a function of behavior
performance. Each point represents data obtained from five timepoints (T1 — T5) x 4 session
types [Correct sessions (black) or Error sessions (purple) in Fig. 2 and Control sessions
(gray) or Unilateral dopamine inhibition session (orange)]. (Right), same as in (Left), but for
S| between Odor-A and Odor-B. p=0.016 and p=8.7e-3, Pearson correlation; n = 20 time

points.

(e) LEC dopamine and fan cells in associative learning (see text).
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