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Spatially segregated feedforward and feedback
neurons support differential odor processing in the

lateral entorhinal cortex

Frauke C Leitner!-36, Sarah Melzer!>>°, Henry Liitcke*>, Roberta Pinnal2, Peter H Seeburg?, Fritjof Helmchen*

& Hannah Monyer!2

The lateral entorhinal cortex (LEC) computes and transfers olfactory information from the olfactory bulb to the hippocampus.
Here we established LEC connectivity to upstream and downstream brain regions to understand how the LEC processes

olfactory information. We report that, in layer Il (LIl), reelin- and calbindin-positive (RE+ and CB+) neurons constitute two major
excitatory cell types that are electrophysiologically distinct and differentially connected. RE* neurons convey information to the
hippocampus, while CB* neurons project to the olfactory cortex and the olfactory bulb. /n vivo calcium imaging revealed that RE*+
neurons responded with higher selectivity to specific odors than CB+ neurons and GABAergic neurons. At the population level,
odor discrimination was significantly better for RE+ than CB* neurons, and was lowest for GABAergic neurons. Thus, we identified
in LIl of the LEC anatomically and functionally distinct neuronal subpopulations that engage differentially in feedforward and

feedback signaling during odor processing.

The LEC is involved in olfactory discrimination learning and in the
integration of olfactory information into associative multimodal
memories!~4. Olfactory information reaches the LEC directly via
projections from olfactory bulb (OB) mitral cells that are the pri-
mary targets of olfactory sensory neurons>°. In addition, olfactory
signals are indirectly transferred to the LEC from other olfactory
cortical areas including the piriform cortex (PIR)”:8. From the LEC,
LII and LIII neurons convey olfactory information directly to the
hippocampus®. But the LEC is more than a mere relay station for
olfactory information transfer. Intricate local inhibitory-excitatory
networks and feedback projections to the OB and PIR>1%11 suggest
participation in top-down control and local processing of olfactory
information. Strong interactions between olfactory areas and between
LEC and hippocampus are manifested as oscillatory coupling during
awake behavior!? and associative odor-place learning?.

Several recent studies have focused on odor information processing
in excitatory and inhibitory neurons of the PIR in rodents!>14. This
is in stark contrast to the scarcity of information on odor process-
ing in defined neurons in the LEC. Odor-responsive neurons are
found in both superficial and deep layers of the LEC>1>16, LIT is of
particular interest since its principal cell types are the recipients of
direct OB input and the direct source of feedforward and feedback
projections®!7. In vitro studies suggest that LI of LEC comprises sev-
eral excitatory and inhibitory cell types'®-29, but it is not known how
these neuronal cell types contribute to odor processing. To address

this question, we used in vivo two-photon calcium imaging of odor-
evoked responses in LEC neurons in anesthetized mice. We com-
bined calcium imaging of identified GCaMP6-expressing neurons
with targeted whole-cell patch-clamp recordings, anatomical tracing
techniques and immunolabeling of marker proteins for a functional
characterization of distinct cell types in vitro and in vivo.

RESULTS

Spatial segregation and differential projection of RE+ and CB*
neurons

Two sublayers can be distinguished in LII of the LEC?!, which we refer
to henceforth as LIIa and LIIb. We first performed immunohisto-
chemistry to establish the identity of excitatory neurons in Gad1FGFP
(in the following referred to as GAD67FGFP) mice to exclude inhibi-
tory neurons. The choice of marker proteins was prompted by results
reported for the adjacent medial entorhinal cortex (MEC), where RE
and CB immunolabeling delineates two almost non-overlapping exci-
tatory cell populations in LII?2-2°, Indeed, in LII of the LEC as well,
the two markers were expressed in distinct cell populations that segre-
gated with respect to their localization. RE* neurons formed a narrow
band of densely packed neurons in LIIa, whereas CB* neurons tended
to cluster in LIIb. RE* neurons represent 97.7 + 0.1% of all excitatory
neurons in LITa, while excitatory CB* neurons represent 69.3 +5.1%
of all excitatory neurons in LIIb (Supplementary Fig. 1). Much like
the expression pattern in the MEC?3, albeit to a slightly lesser degree,
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Figure 1 Differential projection patterns of LEC a
LIl excitatory neurons: RE* neurons provide
feedforward projections to the hippocampus
while CB* neurons project to OB, PIR and
contralateral LEC. (a) Left panel: confocal image
of the hippocampus and parahippocampal
region in a GAD67EGFP mouse immunostained
against RE and CB. The right four images show
a higher magnification of the boxed area and
the corresponding image of endogenous EGFP
fluorescence. Scale bars, 200 um (left) and

50 um. (b) FG injection site in the dentate
gyrus (DG) and the area of analysis in the LEC.
The two panels below depict RE-immunostained
and FG* neurons, followed by a merged

image. Small panels underneath show higher
magnifications of the boxed area. (c) CTB
injection site in the OB, and the area of
analysis in the LEC. The two panels underneath
show higher magnifications of the boxed area.
(d) Same as in ¢, except that CTB was injected
in the PIR. (e) Same as in ¢, but with tracer
injection in the contralateral LEC. Confocal
images of injection sites and images of the

LEC in horizontal brain slices immunostained
against CB or RE following injections of FG into
the dentate gyrus, and injections of CTB into
OB, PIR or contralateral LEC, respectively,

are shown in Supplementary Figure 1. Scale
bars in b to e, 50 pm (main panels) and 10 um
(bottom row).

CB expression in the LEC revealed a modu-
lar organization. EGFP* GABAergic neurons
were distributed across all layers (Fig. 1a).
To determine the projection pattern of
RE* and CB* neurons, we injected retro-
grade tracers in putative target areas (Online
Methods). Fluorogold (FG) injection into
the dentate gyrus yielded a dense band of
retrogradely labeled FG* neurons in Llla.
Almost all FG* neurons were RE* (98.3 *
0.6%, mean * s.e.m.), and a small fraction
(0.6%) were GABAergic neurons (Fig. 1b;
1,097 FG* neurons counted, 2 hemispheres,
2 GADG67EGFP mice). In contrast, injection
into OB of the retrograde tracer cholera
toxin subunit B (CTB) resulted in dense labeling of LIIb neurons.
Of the retrogradely labeled neurons, 69.2 £ 0.6% were CB™ (Fig. 1c;
1,107 CTB* neurons counted, 4 hemispheres, 1 wild-type mouse and
2 GAD67FGFP mice). A minority of CTB* cells were located in LIa, of
which a third were RE* (191 CTB* neurons counted, 4 hemispheres,
1 wild-type mouse and 2 GAD67FCGFP mice). There were no CTB*
GAD67-EGFP* neurons. Following injections of CTB into PIR, ret-
rogradely labeled neurons were detected preferentially in LIIT and
deeper layers (Fig. 1d). We identified CTB* neurons also in LIIb,
of which 53.2 £ 5.9% stained for CB (239 CTB* neurons counted,
3 hemispheres, 3 wild-type mice). CTB* neurons were rarely detected
in LlIa. Finally, we investigated whether CB* neurons participate in
the interhemispheric connectivity between the two LECs. Injection of
CTB into one LEC resulted in retrogradely labeled neurons in the con-
tralateral LEC. Thus, about half of the CTB* neurons in LIIb were CB*
(Fig. 1e; 183 out of 335 CTB™ neurons counted, 2 wild-type mice).
Expression analysis of RE and CB in LII of the LEC indicated
that there was almost no co-expression of the two markers. This

. Uib Llia LI

GAD-EGFP

corresponds with the differential projection pattern of the two cell
populations (see also Supplementary Fig. 2).

Heterogeneous GABAergic neurons in LII

To investigate the molecular identity of GABAergic neurons, we
employed GAD67ECGFP mice. Parvalbumin-positive (PV+) neurons
represented 17.4+1.7% and 30.3 4.3% (mean * s.e.m.) of GABAergic
neurons in LITa and LIIb, respectively. Somatostatin-positive (SOM™)
and calretinin-positive (CR*) neurons represented smaller GABAergic
populations (6.8 £2.7% and 14.3 + 1.8% SOM™ neurons, and 18.1 £
2.4% and 27.0 £ 1.8% CR* neurons in LITa and LIIb, respectively).
Together these data suggest that another GABAergic subpopulation
must be prevalent in the superficial layers of LEC. Indeed, type 3A
serotonin receptor—expressing (5-HT3;,R*) GABAergic neurons
(which include some CR* subtypes?®) accounted for 60.3 + 4.6%
and 51.0 = 1.2% of all GABAergic neurons in LIIa and LIIb, respec-
tively. RE and CB were detected also in a fraction of GABAergic
neurons. Thus, 51.0 + 4.4% of GABAergic neurons in LIIa were
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Figure 2 Odor-evoked calcium transients in A Two-photon Emission b
LEC LIl neurons are variable. (a) Experimental excitation DelayStmi  ISI  Stm2 ISI  Stm3  IS|
setup for in vivo imaging of LEC neurons. Patch pipette Trial 1 Odor set
(b) Odor stimulation protocol and list of applied ! . !4 ! = !4 ! = !4 ! — | EB Ethylbutyrate

H i . R H s '4as s s s s s AA Amyl acetate
pdors. Stim, stmulus, ISI, mtershmulus . Trial 2 E Eugenol
interval. (¢) /n vivo two-photon image showing ) C  Cineole

. Holding bar H Hexanal

GCaMP6-expressing LEC LIl neurons. Scale — , B Benzaldehyde
bar, 50 um; numbers mark example neurons. Odor delivery Trial n Air - Air
(d) Odor-evoked calcium transients in the
seven neurons marked in the population c dAF/F EB AA £ c H B Ar

shown in c. Shown are single-trial responses

to the indicated odors. (e) Histogram of onset
latency from stimulation start, estimated by
linearly fitting calcium transient onsets for
responsive neurons. (f) Color map representation
of the average calcium responses for three odors
across the example population of seven neurons
shown in d (averages of 6, 9 and 6 trials

for odors B, C and E, respectively). (g) Color
map representation of average odor response

GCaMPés

patterns (‘receptive fields’) for three example e i Latency
neurons. Receptive fields were sorted from @

best to worst odor for each neuron as indicated. ngg

(h,i) In vivo calcium imaging and targeted =3 Odor stim%2__4
electrophysiology of identified LII neurons. Time (s)

In this example, calcium imaging was

performed in dentate-gyrus-projecting neurons h
identified by retrograde tracer injection into

the hippocampus. Neurons were tested for

odor responsiveness, and in vivo or in vitro
electrophysiological studies combined with

cell reconstruction of biocytin-filled neurons

were carried out subsequently. Scale bars,

50 um in h and 10 um in i. GCamPes

REY, and 37.9 £ 3.4% in LIIb were CB* (for quantitative evaluation
see Supplementary Fig. 3).

Odor-responsive neurons in LIl of the LEC

We next employed in vivo calcium imaging to functionally character-
ize LEC LII neurons. We virally induced expression of GCaMP6 in
LEC neurons and performed two-photon calcium imaging of neu-
ronal responses to odor stimulation in anesthetized mice (Fig. 2a—c;
Online Methods). We selected six odors: ethyl butyrate, amyl acetate,
eugenol, cineole, hexanal and benzaldehyde. Stimulation with air
was used as control. Odors and control were presented for 4 s, with
26-s interstimulus intervals, in a randomized order to avoid sensory
adaptation. Each trial consisted of three odor stimulations. For every
imaging area, we recorded the neuronal responses to 5-9 stimulations
per odor. Given the long duration of the stimulus protocol and the
challenging surgical access to the LEC, the number of applied odors
was restricted, and in most experiments we tested a single concentra-
tion for each odor (for some experiments a range of concentrations
was used; see Online Methods and Supplementary Fig. 4).

In individual imaging areas, containing 3 to 50 neurons (median
26), a large fraction of LII neurons responded for at least one odor
with a significant GCaMP6 fluorescence change during the 4-s stim-
ulation period (79%; 1,537 of 1,950 cells total; Fig. 2d and Online
Methods). Most of these neurons (77%) exhibited an increase in
fluorescence (F) at least once (amplitude range 4% to 865% AF/F).
A substantial fraction (37%) also showed a decrease in fluorescence for
at least one odor (amplitude range —6% to —37% AF/F). Onset laten-
cies were estimated from the initial GCaMP6 fluorescence change and
displayed a narrow distribution, peaking 0.4 s after odor stimulation
onset (half-width 0.6 s; Fig. 2e). Calcium transients lasted for several
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3
|
|
|
|
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200%|

GCaMP6s

Texas Red Merge

seconds (full width at half-maximum 9.53 £ 0.05 s; mean * s.e.m.;
n =4,014 responses) and about half of all neurons (47%) displayed an
additional late fluorescence increase following stimulus offset (46.6 £
1.3% extra AF/F amplitude; n = 1,415 responses). Neurons differed in
their response to the presentation of specific odors, thus giving rise
to distinct activity patterns across the neuronal population (Fig. 2f).
Responsive neurons differed in their odor preference (which odor
elicited the largest response) and in their degree of selectivity (the
broadness of calcium transient amplitude distribution across the six
odors, ranked from highest to lowest). Some neurons responded to
only one or a few odors, whereas others were more broadly tuned and
responded to the entire panel of presented odors (Fig. 2g).

We wondered whether this heterogeneity in odor responses and
tuning preference of LII neurons might result at least in part from
differential odor processing in specific subpopulations. Thus, we first
characterized LII neurons at the electrophysiological and morpho-
logical level (exemplified for dentate-gyrus-projecting neurons in
Fig. 2h,i) and subsequently analyzed odor-evoked calcium transients
in defined cell types.

Morphological and electrophysiological features of
odor-responsive LIla RE* neurons

To visualize odor-evoked activity specifically in RE* neurons,
we injected the adeno-associated viral (AAV) vector AAV1.Syn.
GCaMPé6s into the LEC of wild-type mice, in which RE* cells were
retrogradely labeled by CTB injection into the dentate gyrus. Odor
stimulation induced clearly detectable calcium transients in CTB*
neurons (Fig. 3a). To study morphological and electrophysiological
properties of hippocampus-projecting odor-responsive neurons, we
performed two-photon targeted in vivo whole-cell recordings with
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Figure 3 Odor-responsive regular spiking neurons project to the
hippocampus. (a) Calcium transients of a RE* neuron in Llla upon odor
stimulation with ethyl butyrate (EB), eugenol (E) and cineole (C).

(b) Reconstruction of the same neuron (cell body and dendrites in black)
with good recovery of the axon (red) that projects to the hippocampus.

2D image shows a ventral (gray) and dorsal (black) outline of the
hippocampus and LEC. Cell body and dendrites are localized more
ventrally, whereas the axon extends to dorsal areas. The reconstructed
neuron is shown along the dorsal-ventral axis (top) and along the posterior-
anterior axis (bottom). (c) Higher magnification of the same reconstructed
neuron. (d) Ex vivo confocal image overlaid with the reconstructed neuron
(white) confirms the cell localization in upper Llla of the LEC. Scale bar,
100 um. (e) Firing pattern of the same neuron patch-clamped in vivo and
filled with biocytin upon =50 pA current injection, at action potential
threshold and at maximal firing frequency (from bottom to top). Scale bar,
20 mV, 200 ms.

biocytin-filled patch-clamp pipettes. In five filled and reconstructed
odor-responsive neurons, we detected an axon directed toward the
angular bundle (n = 5 neurons in 5 mice). Three of these axons could
be followed all the way to the superficial layers of para- and pre-
subiculum, where they bent rostro-dorsally to run along the dentate
gyrus border (Fig. 3b,c and Supplementary Fig. 5). The axon of
one odor-responsive cell could be traced into the hippocampus
(Fig. 3b,c). Odor-responsive neurons showed fan-like or multipo-
lar dendritic trees that were restricted to the superficial layers and
displayed either a regular adapting or bursty action potential firing
pattern upon current injection (Fig. 3d,e and Supplementary Fig. 5).
Similar electrophysiological and morphological properties were found
in additional principal neurons in LIIa that were recorded but not
odor-stimulated (n = 11 neurons in 8 mice; Supplementary Fig. 6;

L

50%

Blue light

ChR2-mCherry
GCL

GCaMP6 CTB

for a listing of electrophysiological properties of all RE* neurons see
Supplementary Table 1).

Morphological and electrophysiological features of LIIb CB*
neurons

To examine whether CB* neurons in LIIb respond to odors, we
expressed GCaMP6 cell type specifically, using Calb1¢7 (hereafter
referred to as CBC) mice?®. Indeed, CB* neurons exhibited cal-
cium transients elicited by odor presentation (Fig. 4a). Since the
deeper localization of CB* neurons hampered in vivo two-photon

Figure 4 CB* neurons in the LEC provide feedback
to the OB and the PIR. (a) Calcium transients of
CB* neuron in LIIb upon odor stimulation with
amyl acetate (AA), cineole (C) and hexanal (H).

% (b) Typical firing pattern of a CB* neuron patch-
clamped in vitro at =200 pA current injection,
action potential threshold and maximal firing
frequency (from bottom to top). Scale bar, 20 mV,
200 ms. (c) Reconstruction of the same neuron
with dendrites shown in black and axon in red.
Scale bar, 400 um. (d) Higher magnification

of the reconstructed neuron shown in c. Scale

bar, 200 um. (e) Visualization of double-labeled
CB* neurons in LlIb, following injection of

the retrograde tracers CTB488 in the OB and
CTB555 in the PIR. Panels below show higher
magnifications of the boxed area. Scale bars, 50 um
(top) and 10 um (bottom). Line drawing (above)
depicts injection sites. (f) AAV DIO ChR2-mCherry
injection site and target cells recording site.

(g) Left, confocal maximum intensity projection
image of mCherry-labeled axons in the OB; arrow,
highest density of fibers in deep granule cell layer
(GCL). Right, reconstruction of a granule cell that
responded to optogenetic stimulation. Scale bars,
100 um. MCL, mitral cell layer; RMS, rostral
migratory stream; EPL, external plexiform layer;
GL, glomerular layer. (h) Postsynaptic currents

in a target cell at =70 mV holding potential with
indicated antagonists. Scale bars, 10 ms and

CTB488
OB

CTB555

Lib., Lila LI —

CTB555 CTB488

MCL EPL GL

e A =

+ Gabazine + Gabazine + Gabazine
+ AP5 + AP5
+ CNQX

10 pA. (i) Representative firing pattern of a target
cell in the OB showing traces at —200 pA current
injection, action potential threshold and maximal
firing frequency (from bottom to top). Scale bars,
200 ms and 20 mV.

N
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Figure 5 Fast-spiking GABAergic basket cells a

in the LEC are odor-responsive. (a) Calcium

transient of GABAergic neuron in Llla upon B {EB
odor stimulation with amyl acetate (AA), i i
benzaldehyde (B) and ethyl butyrate (EB).

(b) Firing pattern of the same neuron patch-
clamped in vivo and filled with biocytin upon
—50 pA current injection, at action potential
threshold and maximal firing frequency (from
bottom to top). Scale bar, 20 mV, 200 ms.

(c) Reconstructed neuron exhibits dendrites

in superficial and deeper layers (cell body and
dendrites in black) and axonal arborization

in LIl (red). Scale bar, 400 um. (d) Higher
magnification of the reconstructed neuron.
Scale bar, 200 um. (e) Ex vivo confocal image of
the reconstructed neuron after immunostaining
with RE and CB confirms the cell localization in
Llla of the LEC. Scale bar, 50 pm.

AFIF

- -
Odor stim.

targeted patch-clamp recordings, we ana-
lyzed their electrophysiological and morpho-
logical properties using targeted recordings
in vitro. Most GCaMP6-labeled cells in LIIb
of injected CB“" mice were principal neurons
as indicated by their regular adapting spiking behavior and the pres-
ence of spiny dendrites (32 out of 43 neurons in 9 mice, Fig. 4b). CB*
principal neurons exhibited multiform (14 out of 32 neurons), oblique
pyramidal (11 out of 32 neurons) or pyramidal (7 out of 32 neurons)
morphology (Supplementary Fig. 7c). Axons exhibited a preferred
horizontal extension within superficial layers of the LEC (9 out of
10 reconstructed neurons, Fig. 4c,d and Supplementary Fig. 7c).
The recorded CB* neurons also included a mixed population of puta-
tive GABAergic neurons (11 out of 43 neurons in 9 mice).

A direct comparison of CB* and RE* neurons studied in vitro high-
lights differences of the intrinsic properties (Supplementary Fig. 7a).
K-means cluster analysis based on electrophysiological parameters
(Online Methods) revealed two cell clusters that largely corresponded
(64 out of 70 neurons) to RE* and CB* neurons (Supplementary
Fig. 7d). RE* neurons exhibited multiform (11 out of 22 neurons)
or fan-like (11 out of 22 neurons) morphology (Supplementary
Fig. 7b). Consistent with previous literature, neither RE* nor CB*
cell morphology could be predicted on the basis of their electrophysi-
ological properties'®.

Since CB* LIIb neurons project to the OB and the PIR, we wondered
whether individual CB* neurons target both areas. We thus injected
the retrograde tracers CTB488 (green) and CTB555 (red) into the
OB and the PIR, respectively, and investigated the presence of dou-
ble-labeled neurons in LIIb in the LEC. Indeed, 67 of 562 CTB488*
(OB-projecting) and of 322 CTB555" (PIR-projecting) neurons were
double positive for the two tracers, and a subset of these neurons
expressed CB (3 mice, Fig. 4e).

The presence of projections from CB* LIIb neurons to olfactory
areas upstream of the LEC in the olfactory pathway raised the ques-
tion as to the identity of the targeted neurons. We hence injected
double-loxP-flanked inverted ChR2-mCherry into the LEC of CBC"
mice and performed in vitro patch-clamp experiments in OB slices
(Fig. 4f). Notably, the mCherry* axonal fibers were preponderantly
localized in close proximity to the rostral migratory stream (Fig. 4g).
Upon light stimulation of axonal terminals, we detected responses
in adjacent OB granule cells (19 responding neurons of 127 patched
cells in 11 mice). The evoked responses were glutamatergic, as they
were blocked with specific antagonists for NMDA receptors (D-AP5,

e
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50 uM) and AMPA receptors (CNQX, 10 uM), but not GABAergic
receptors (gabazine, 10 uM) (Fig. 4h,i, n = 4 cells in 3 mice).

Morphological and electrophysiological features of odor-
responsive LIl GABAergic neurons

To investigate odor responsiveness of GABAergic neurons in LII of the
LEC, we injected AAV1.Syn.flex. GCaMP6s into GAD67¢" mice. Clear
odor-evoked calcium transients occurred in LIl GABAergic neurons
(Fig. 5a). On the basis of the in vivo firing pattern and morphol-
ogy, we identified all successfully recorded and reconstructed odor-
responsive cells as typical GABAergic neurons (4 out of 4 neurons in
4 mice, Fig. 5b-e and Supplementary Fig. 8). The maximal firing
rate of GABAergic neurons was higher than the maximal firing rate
of in vivo patched principal cells in LIla (48.5 = 7.2 Hz versus 22.5 =
1.5 Hz in RE* neurons, mean * s.e.m., £(3.26) = —3.54, P=0.03). The
axons were largely confined to superficial layers of the LEC and had
high local densities never observed for principal cells. An additional
set of GABAergic neurons patched without odor-stimulation (n = 5
neurons in 5 mice) had a similarly dense axonal plexus in superficial
layers, suggesting that this is a common feature of GABAergic neurons
in LII of the LEC (Supplementary Fig. 9).

Odor-responsive GABAergic neurons exhibited a range of electro-
physiological and morphological properties. They comprised fast-
spiking and non-fast-spiking neurons (maximal firing rate: 38-69 Hz)
with accommodating or non-accommodating firing properties. They
had a highly divergent input resistance (36-167 M) and variable
excitability (rheobase: 0-550 pA), suggesting that odor representa-
tions involve the recruitment of different types of GABAergic neurons
(Supplementary Fig. 3; for a listing of electrophysiological properties
of all GABAergic neurons, see Supplementary Table 1).

Cell-type-specific odor processing in LEC LIl neurons

To investigate whether the three cell types process odor information
in a similar fashion, we compared odor-evoked calcium transients in
identified RE*, CB* and GABAergic neurons (Fig. 6a,b). The 1,950
imaged neurons could be subdivided as follows: 514 RE* neurons
(19 imaging areas in 7 mice), 407 CB* neurons (17 imaging areas in
8 mice), 194 GABAergic neurons (26 imaging areas in 11 mice), and
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Figure 6 Odor stimulation evokes cell-type specific activity patterns in defined populations of LEC neurons. (a) Example two-photon images of RE*
(top), CB* (middle) and GABAergic (GAD*, bottom) neurons. Scale bar, 50 um. (b) Average calcium responses evoked by six odors plus air in the
populations in a. Trials per odor for RE* neurons: 9, 5, 7, 6, 7, 8, 6; CB* neurons: 7, 7, 6, 6, 6, 6, 7; GABAergic neurons: 6, 7, 7, 5, 9, 8, 6. AA,
amyl acetate; B, benzaldehyde; C, cineole; EB, ethyl butyrate; E, eugenol; H, hexanal. (c) Average calcium responses for all odors across the entire
RE*, CB* and GABAergic populations (514, 407 and 194 neurons, respectively). (d) Odor-evoked receptive fields averaged over all RE*, CB* and
GABAergic neurons. Receptive fields are sorted according to best odor response for each neuron, ranked according to the mean AF/F amplitude of
trial-averaged traces 2-3 s after stimulus onset. (e) Mean calcium response amplitudes as defined in d as a function of ranked odors, normalized to
the best-odor response. Note that negative values can arise due to decreasing fluorescence responses (see also Supplementary Fig. 10). The difference
between RE* neurons and the other cell types reaches a significance level of P < 0.001 for the second to fifth odor and P < 0.01 for the sixth odor;
for CB* neurons versus GABAergic neurons P < 0.01 for the second and third odor, P < 0.05 for the fourth odor; all others are non-significant
(unpaired t-tests). Error bars indicate 1 s.e.m. (f) Fraction of neurons for each cell type that significantly respond (either positively or negatively) to

the indicated number of odors.

835 unclassified neurons (35 imaging areas in 14 mice; not considered
for further analysis). Across all odors, the three subpopulations dis-
played complex and distinct temporal profiles of their mean calcium
transients, which differed for instance in early fluorescence increase
or decrease during stimulation and in the apparent late offset response
component (Fig. 6¢).

In all cell types, a substantial fraction of neurons exhibited sig-
nificant mean calcium responses upon stimulation for at least one
odor (85% REY, 84% CB* and 77% GABAergic neurons). For neurons
exhibiting a significant fluorescence increase during the stimulation
period, the mean AF/F peak amplitude evoked by each neuron’s best
odor was comparable for RE* and CB* neurons (80.8 +5.8% and 88.4
+6.6%, respectively; n = 383 and 301 cells; ¢(¢55) = —0.87, P=1.0), and
lower for GABAergic neurons (61.7 £ 5.3%; n = 133; tazz) = —2.5432,

P = 0.034 for CB* versus GABAergic neurons; t514 = —1.8652,
P = 0.188 for RE* versus GABAergic neurons; unpaired t-test,
Bonferroni-corrected). These values may not be directly comparable,
however, because evoked calcium transients depend on various cell
type-specific factors, such as spike pattern, spike-associated calcium
influx and calcium handling. Across all odors, RE* neurons showed
on average positive responses to fewer odors compared to CB* and
GABAergic neurons (1.89 compared to 2.89 and 2.84 odors, respec-
tively). Notably, a high fraction of responsive RE* neurons (48%) dis-
played a negative early response for at least one odor. The fraction of
neurons exhibiting a negative early response was lower for CB* (25%)
and GABAergic (21%) neurons. Estimated onset latencies of calcium
transients were not measurably different among cell types (P = 1.0
for all three comparisons, unpaired ¢-test, Bonferroni-corrected),
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Figure 7 Populations of LEC RE* neurons
encode specific odors with high accuracy.

(a) Prediction of presented odors from calcium
responses of individual neurons using a
Bayesian classifier (see Online Methods).
Average classification accuracy is better than
chance level (16.7% for the six odors; dashed
line) for all three cell types. (b) Prediction

of presented odors from population calcium
responses (averaged across imaging areas).
Populations of RE* neurons allow significantly o
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which may be due to our limited time resolution. Cell types dif-
fered, however, in their response duration, with CB* neurons gen-
erating significantly shorter mean calcium transients (full-width at
half-maximum for RE* 10.24 £ 0.17 s; CB* 8.46 + 0.17 s; GABAergic
neurons 9.72 + 0.24 s; mean * s.e.m.; P < 0.001 for CB* versus oth-
ers; Wilcoxon rank-sum test; n = 1,063, 1,029, and 444 responses,
respectively; for example traces and distributions across cell types
see Supplementary Fig. 10).

The finding that RE* neurons responded on average to fewer odors
than the other two cell types indicates differences in odor selectiv-
ity. We further compared odor-tuning properties across cell types by
averaging the ranked responses of each neuron from best to worst
(Fig. 6d). RE* neurons displayed high response selectivity (large
differences between best and second-best odor response) whereas
CB* and GABAergic neurons were less selective (i.e., more broadly
tuned). To quantify odor selectivity, we normalized evoked calcium
responses and ranked them to the mean best odor evoked amplitude
for each cell type. The resulting tuning curve declined more steeply for
RE* neurons than for CB* neurons and GABAergic neurons (Fig. 6e;
for P-values see figure legend). As another measure of tuning sharp-
ness, we also analyzed the lifetime sparseness of the amplitude dis-
tributions, which was highest for RE* neurons, confirming their
higher odor selectivity (Supplementary Fig. 11). As a third measure,
we analyzed how many odors evoked significant positive (or nega-
tive) GCaMP6 fluorescence transients in each neuron of the three
cell types. RE* neurons comprised a large fraction of neurons that
responded to 1-3 odors (69.7%; compared to 49.4% and 46.4% for
CB* and GABAergic neurons, respectively), while a large fraction
of CB* and GABAergic neurons responded to 4-6 odors (Fig. 6f).
Notably, RE* neurons also showed the highest fraction of selective
negative responses, often to one of the six odors (Fig. 6f). We conclude
that cell types differ in their odor tuning properties, with RE* cells
featuring the highest response selectivity.

Finally, we analyzed the ability of single neurons and of the three
neuronal subpopulations to decode the presented odors using a
Bayesian classifier with cross-validation (Online Methods). Individual
neurons decoded the six odors mostly above chance level, varying in
their performance between 0 and 67% correct (chance level 16.7%).
On average, individual RE* neurons performed significantly bet-
ter than CB* and GABAergic neurons (25.61 £ 0.56%, 21.8 + 0.59%
and 20.9 £ 0.81% for RE*, CB* and GABAergic neurons, respec-
tively; mean + s.e.m.; n = 514, 407 and 194; t > 3.6, P < 0.01 for RE*
versus CB* and GABAergic neurons, unpaired t-tests with Holm-
Bonferroni correction; Fig. 7a). Similar results were obtained using
an information metric to quantify the mutual information between
neuronal responses and odor stimulation (Supplementary Figs. 12
and 13). These results indicate that odor-evoked responses of indi-
vidual RE* neurons contain more stimulus-specific information
than those of CB* and GABAergic neurons, in line with the higher
selectivity of RE* cells.

At the population level, odor classification was significantly better
for RE* populations compared to CB* and GABAergic populations
(n =19, 17 and 26 RE*, CB* and GABAergic neuron populations;
t>2.3, P<0.03 for all three comparisons, unpaired ¢-tests with Holm-
Bonferroni correction; Fig. 7b). This finding is consistent with the het-
erogeneous but more selective odor response pattern for RE* neurons
and the relatively uniform, broadly tuned responses in GABAergic
neurons. Accordingly, RE*, but not CB* and GABAergic neurons, dis-
played a high ‘population advantage’ for odor classification (n =19, 17
and 26 RE*, CB* and GABAergic neuron populations; ¢34) = 2.7,
P = 0.03 for RE* versus CB* comparison, other comparisons
P> 0.05, unpaired t-tests with Holm-Bonferroni correction; Fig. 7¢).
Differences among neuronal subtypes were also apparent in the time
course of decoding accuracy, with RE* and CB* populations showing
earlier and sharper increases in decoding accuracy than GABAergic
populations (Fig. 7d). Finally, we analyzed how random sampling
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of different population sizes influenced odor classification accuracy
for the three neuronal subtypes (Fig. 7e). For RE* neurons, and to
a lesser extent CB* neurons, odor discrimination improved as the
number of neurons in the population increased. Very large RE* popu-
lations (~100 neurons) discriminated the six odors with near-perfect
accuracy (90% correct). By contrast, odor discrimination perform-
ance of GABAergic populations did not improve substantially with
increasing population size.

DISCUSSION

Here we identified distinct cell types in LEC LII that exhibit specific
connectivity to other brain areas and are differentially involved in
odor encoding. The two excitatory cell types differ in their marker
expression (RE versus CB), layer localization, morphology, intrinsic
electrophysiological features and connectivity. Notably, RE*, CB*
and GABAergic neurons displayed distinct odor response proper-
ties. Hippocampus-projecting feedforward RE* neurons exhibited
higher selectivity for different odors than feedback and contralater-
ally projecting CB* neurons. GABAergic neurons displayed the most
broadly tuned odor-response profile. Odor discrimination perfor-
mance was higher for RE* populations than CB* populations, and
lowest for GABAergic populations.

Distinct spatial organization of RE* and CB* neurons in LIl

of the LEC

Our data demonstrate a segregation of RE* and CB* neurons within
LII. RE* neurons form a band of densely packed neurons in Llla,
whereas CB* neurons cluster in LIIb. The clustering of CB* neurons
in LEC is reminiscent of that reported for the MEC. In the MEC,
however, the layering of the two cell populations is inverted. Thus,
CB™ islands are more superficial and are nested within a band of RE*
neurons (ref. 23 and unpublished observations). The modular organi-
zation of RE* and CB* neurons in the LEC and MEC is intriguing,
but its functional implications are enigmatic. It is noteworthy, though,
that RE* and CB* neurons in MEC and LEC share two important fea-
tures. First, RE* neurons in both LEC and MEC LII target the dentate
gyrus, whereas CB* neurons project contralaterally and constitute
a source for feedback projections (ref. 22 and this study). Second,
encoding environmental features seems to be a common attribute of
the two major principal cell types. In the MEC, both RE* and CB*
neurons are spatially tuned?4?”. Similarly, in the LEC both RE* and
CB™ neurons encode odors, albeit in different ways, as detailed below.
In both areas, it is still unknown which functions set these two cell
populations apart from each other.

Odor-selective RE* neurons project to the hippocampus

On the basis of previous studies and our own, it can be inferred that
RE* neurons provide feedforward transmission of odor information
from the sensory periphery to the core of the memory system, the
hippocampus. Schwerdtfeger and colleagues demonstrated that fan
cells in LII are directly innervated by mitral cell axons from the OB!7.
On the basis of morphological features and projection pattern, it is
safe to assume that fan cells are identical with RE* neurons described
in this study. As shown here, RE* neurons were the most selective
and best tuned to their preferred odor among odor responsive neu-
rons in LII. Their functional properties and direct connectivity with
the dentate gyrus prompts inferences as to their putative function in
olfactory memory. The ventral dentate gyrus is thought to support
working memory for odor information?8. Several studies have shown
robust connectivity, especially between LEC and the ventral dentate
gyrus®. Furthermore, there is evidence that the connection between

LEC and the ventral dentate gyrus is crucially involved in successful
odor pattern separation?®. We hypothesize that the high percentage
of odor-responsive RE* neurons and their high odor selectivity may
subserve pattern separation in the dentate gyrus.

CB+* neurons provide feedback information to olfactory areas
We identified several target areas of CB* neurons, namely OB, PIR
and contralateral LEC. Interestingly, single CB* neurons can target
both OB and PIR. This is in disagreement with findings reported by
Chapuis and colleagues?, who did not detect double-projecting LEC
neurons. However, this discrepancy might simply result from differ-
ences in the techniques (use of rabies virus with low infectivity) and
animal models (rats instead of mice). We agree with these authors
that projecting neurons exhibit spatial segregation to some extent, as
PIR-projecting neurons are located predominantly in the dorsal LEC,
whereas neurons that project to the OB are located in the ventral LEC.
Nevertheless, an intermediate stripe in the LEC contains neurons that
establish connections with both target areas. These findings suggest
a unique role for CB* neurons in LEC LIIb in the coordination of at
least three regions in the brain: namely, OB, PIR and contralateral
LEC. Accordingly, this neuronal population might have an important
function in top-down modulation of olfactory processing.

We demonstrated that OB granule cells are excited by cortical feed-
back projections of CB* neurons. Activation of granule cells in the OB
by cortical projections appears to be a general connectivity principle
in the olfactory system3%31. Granule cells are highly interconnected
and exert lateral inhibition onto mitral cells. Thus, feedback provided
by CB* neurons could contribute to the decorrelation of mitral cell
activity, thereby enhancing their selectivity, as suggested also for PIR
input®2. This in turn would lead to an improved discrimination of the
input to the LEC. Notably, it has been suggested that the LEC estab-
lishes an anticipatory top-down modulation on the OB, as appreciable
input from the LEC to the OB is present before the onset of the odor
stimulation33. It is hence interesting to speculate that CB* neurons
contribute to this modulatory effect.

Functional modulation of odor-evoked activity in the PIR mediated
by feedback projections originating in the LEC has been shown con-
sistently?>343> Experimental data from these studies suggest that the
LEC exerts an inhibitory effect on the PIR, supporting the notion that
excitatory LEC neurons control inhibitory neurons in the target area.
We propose that CB* neurons are likely candidates for this modula-
tory effect on odor-evoked activity in the PIR.

GABAergic neurons exhibit broader odor tuning

GABAergic neurons in LEC LII are overall more broadly tuned to odor
stimuli than their excitatory counterparts are. On the basis of these
findings and the evident odor-responsiveness of most GABAergic
neurons, we hypothesize a function in gain control rather than in
merely increasing the signal-to-noise ratio of principal cells. The rela-
tively nonselective response of GABAergic neurons can be brought
about by convergent input from mitral cells from different glomeruli,
as evident in the PIR3®, or by convergent input from surrounding exci-
tatory neurons with different stimulus selectivity, similarly to findings
reported for the MEC?” and visual cortex3®.

Low selectivity of GABAergic neurons is reminiscent of what has
been reported especially for PV* neurons in other brain regions37-42.
Our immunohistochemistry data, however, revealed that PV* neurons
are less prevalent in LEC LII than, for instance, in the neighboring
MEC LII*3. In fact, our results indicate that in LEC LII the major-
ity of GABAergic neurons are 5-HT3,R*. Studies in other cortical
areas attribute a non-fast firing pattern and broad stimulus tuning
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to this cell type*+4>. Interestingly, putative 5-HT;,R* neurons (VIP*
neurons) preferentially target other GABAergic neurons, thereby
disinhibiting principal cells*¢4’. On the basis of these findings, we
hypothesize that odor-responsive 5-HT3;,R* neurons in the LEC
contribute to odor tuning of principal cells by releasing them from
inhibitory control specifically during the presentation of odors.

Decoding performance argues for a population code of odor
identity

The decoding performances of both RE* and CB* populations are
better than those of GABAergic neurons and enable the extraction of
odor identity from the population activity. RE* populations in par-
ticular display the highest information content, possibly because they
comprise a mix of highly selective neurons responding to distinct
odors. Thus, we suggest that upstream and downstream regions of
the LEC in the olfactory system are supplied with odor information
via a population code rather than by single cell activity, in analogy to
what has been proposed for odor encoding in the PIR!3.

In summary, two distinct odor-responsive excitatory cell types
are spatially segregated in LEC LII. Their long-range connectiv-
ity and differential odor representation indicate that they subserve
different functions. RE* neurons transmit odor information to the
hippocampus and might serve the formation of associative memories,
whereas the input of CB* neurons to the OB might set the thresh-
old for the responsiveness to odors, thus leading to adaptation of
Sensory responses.

METHODS
Methods and any associated references are available in the online
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the
online version of the paper.
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Experimental animals. All mouse experiments were approved by the
Regierungsprasidium Karlsruhe and followed the guidelines for animal treat-
ment by German law (license Az G-74/13). Calcium imaging experiments and
in vivo whole-cell patch clamp recordings were performed in 8- to 14-week-old
male GAD67¢" mice*$, CBC" mice, GAD67FCFP mice* and wild-type mice with
a C57BL/6 background. GAD67FCFP mice and 5-HT;3-EGFP? mice were used for
immunohistochemistry. All animals were housed singly or in pairs and were kept
ona 12 hlight/dark cycle. Animals had no previous history of experimental treat-
ment. All experiments were conducted during the light phase of the schedule, and
investigators were not blind to the experimental condition, i.e. the mouse line.

Viral and tracer injections. We used AAV1.Syn.GCaMP6s (AV-1-PV2824, Penn
Vector Core) in wild-type animals and AAV1.Syn.Flex. GCaMP6s (AV-1-PV2821,
Penn Vector Core) in GAD67¢"¢ and CB“"® mice for the delivery of calcium indi-
cators to the cells. The protocol for stereotactic injections was described previ-
ously>!. Briefly, mice were anesthetized with a mixture of ketamine (120 mg/kg
body weight) and xylazine (16 mg/kg, intraperitoneal injection), and mounted
in a stereotactic apparatus (David Kopf Instruments, Tujunga, California) placed
on a heat pad to keep the body temperature constant. Two small craniotomies
were made above the LEC using a dental drill. The spots were located 3.8 mm
posterior and 4.5 mm lateral of bregma, and 3.5 mm posterior and 4.8 mm lateral
of bregma. A glass micropipette containing the virus was lowered 2.3 mm below
the surface and then retracted to 1.6 mm while continuously injecting the virus
(300 nl) over a period of 5 min.

We used CBC" mice to determine direct synaptic targets of CB* LEC neurons
with axon terminals in the OB. AAV1.EF1.dflox hChR2(H134R)-mCherry (AAV
DIO ChR2-mCherry, AV-1-20297P) was obtained from Penn Vector Core. This
AAV vector carries an inverted cassette coding for Channelrhodopsin-2 fused
to the fluorescent marker mCherry. In the presence of Cre recombinase, the cas-
sette is inverted into the sense direction, and the fused proteins are expressed
under the control of the EF1 promoter. The injections were targeted to both LEC
(220 nl, -3.5 mm/4.8 mm/-2.2 mm) and in vitro electrophysiological slice
recordings were performed 2-3 weeks post injection. Coordinates are given as
anterior-posterior/medial-lateral/dorsal-ventral of bregma.

A similar protocol was used for the injection of retrograde tracers. The retro-
grade tracers CTB488, CTB555 (Life Technologies, Carlsbad, USA) or FG (0.5%,
Fluorochrome, Denver, USA) were used for injection into the following brain areas:
OB (CTB488 or CTB555, 300-450 nl, 4.7 mm/0.7 mm/-1.75 to —0.9 mm and
4.5 mm/1.0 mm/-1.75 to —0.9 mm), dentate gyrus (CTB555 or FG, 100 nl, -2.1
mm/1.75 mm/-2.0 mm), PIR (CTB555, 100 nl, 1.8 mm/2.9 mm/-3.5 mm) and
LEC (CTB555, 100 nl; 3.5 mm/4.8 mm/—-2.2 mm). The tracer was injected over a
period of 5 min. The micropipette was left in place before retraction for additional
15 min to avoid spreading of the tracer in areas other than the target area.

Mice were excluded from further analysis if injections did not meet the fol-
lowing criteria: For calcium imaging experiments, mice with widespread and
homogeneous labeling of LEC neurons were selected. For tracing studies, only
mice with labeling restricted to the targeted areas were further analyzed.

Immunohistochemistry. Mice injected with retrograde tracers were subjected
to histological analysis 5-7 days following CTB injection, or 2-3 weeks follow-
ing FG injection. Animals that were used for electrophysiological recordings or
two-photon imaging were subjected to immunohistochemical procedures directly
after termination of the recording sessions. GAD67EGFP mice and 5-HT;-EGFP
mice were taken directly from their home cages. All mice were deeply anesthe-
tized with isoflurane (Baxter, Germany) or ketamine/xylazine, and transcardially
perfused with PBS, followed by 4% paraformaldehyde. Following removal from
the skull, the fixed brains were kept in 4% paraformaldehyde at 4 °C for 12 h. The
brains were sliced horizontally in 50-pum-thick sections. Free-floating sections
were washed in PBS (pH 7.4) several times before they were permeabilized and
blocked for 2 h in PBS (pH 7.4) containing 5% BSA and 0.2% Triton X-100.
Sections were incubated over night at 4 °C in PBS containing 0.1% Triton X-100
with primary antibodies. For double-labeling experiments, slices were incubated
simultaneously with the two primary antibodies. After thorough washing with
PBS (pH 7.4), sections were incubated with the secondary antibody diluted in PBS
(pH 7.4) for 2 h. Sections were washed repeatedly with PBS (pH 7.4), mounted on

glass slides and covered with Aqua-Poly/Mount (Polysciences, Inc., Warrington,
USA) or Mowiol 40-88 (Aldrich, Taufkirchen, Germany).

Antibodies. Primary antibodies: rabbit anti-CB (CB-38a, Swant), 1:5,000; mouse
anti-CB (300, Swant), 1:2,000; mouse anti-CR (6B3, Swant), 1:1,000; mouse anti-
NeuN (MAB377, Merck Millipore), 1:1,000; chicken anti-NeuN (ABN91, Merck
Millipore), 1:1,000; mouse anti-PV (P3088, Sigma-Aldrich), 1:1,000; mouse anti-
reelin (MAB5364, Merck Millipore), 1:2,000; rat anti-SOM (MAB354, Merck
Millipore), 1:1,000; and rabbit anti-WFS1°2 (11558-1-AP, Proteintech), 1:1,000.

Secondary antibodies: Alexa Fluor 488 goat anti-mouse or anti-rabbit (A11029
and A11008, Life Technologies), 1:1,000; Cy3 goat anti-mouse (115-166-003,
Jackson ImmunoResearch), 1:1,000; Cy3 donkey anti-rabbit (711-165-152,
Jackson ImmunoResearch), 1:1,000; and Alexa Fluor 647 donkey anti-mouse or
anti-rabbit (A31571 and A31573, Life Technologies), 1:1,000.

DAB staining. Brains from mice that were used for in vivo whole-cell patch-
clamp experiments were further processed. After brain sections were stained
with immunofluorescent markers as described above, they were further processed
with diaminobenzidine (DAB) staining. Sections were quenched in 1% H,O, for
10 min followed by thorough washing with PBS, before being permeabilized
with 1% Triton X-100 in PBS for 1 h. After repeated washing, sections were
incubated with avidin-biotin-horseradish peroxidase complex (Elite ABC, Vector
Laboratories, Burlingame, USA) in PBS overnight at 4 °C. After washing with PBS,
sections were incubated in a solution containing 0.04% DAB, 49.6% ammonium
chloride buffer (0.08% ammonium chloride in PB), and 0.4% glucose oxidase to
which 10% beta-p-glucose in H,O (20 pl/ml) was added 1 min after start of the
reaction. Sections were kept in the dark for 15-45 min. The reaction was
stopped by washing sections again in PBS. Sections were mounted on glass slides
using Mowiol 40-88.

Surgical procedure. Mice were anesthetized with a mixture of ketamine (120 mg/
kg body weight) and xylazine (16 mg/kg, intraperitoneal injection). Additional
doses were administered throughout the course of the surgery if necessary.
Dexamethasone (0.02 ml at 3 mg/ml PBS) was intramuscularly injected into
the quadriceps to reduce cortical stress response during the surgery and prevent
cerebral edema. Lidocaine was administered locally to the skull as additional
anesthetic for pain reduction. Animals were mounted in a stereotactic apparatus
and placed on a heat pad to keep the body temperature constant. A small cut of
approximately 1.5 cm was made in the skin and the underlying skull revealed.
The skull was cleaned of periosteum, and muscles located laterally at the right
side of the skull were removed. Four miniature screws (Bilaney Consultants,
Kent, UK) were screwed into the skull and fixed with dental cement (Hager
Werken, Duisburg, Germany). Orthogonal to each other, two cap nuts were
cemented on top of the screws as anchors for holding bars, which allowed tilting
the mouse by 90° to gain direct access to the LEC. A head plate was secured to
the skull using dental cement and a small craniotomy was made. Regular rinsing
with normal rat Ringer solution (NRR) (in mM: 135 NaCl, 5.4 KCl, 5 HEPES,
1.8 CaCl2, pH = 7.2 adjusted with NaOH) prevented the brain from overheating
due to the drilling. The dura mater was removed leaving the underlying brain
surface intact. Agarose (1.5% in NRR) was applied to the imaging window and a
small round cover glass (thickness 100-150 m, Warner Instruments, Hamden,
USA) was placed on top. During the time of recording neuronal activity, urethane
(Sigma-Aldrich, St. Louis, USA) was used for keeping the mouse anesthetized.
However, in some instances when the mouse was still sufficiently anesthetized,
the first few trials were recorded only under influence of the ketamine—xylazine
mixture to avoid overdosing.

Two-photon calcium imaging in vivo. Two-photon imaging with olfactory
stimulation was performed 6 to 8 d after virus injection. We used a ZEISS LSM
510 META NLO two-photon microscope (ZEISS, Jena, Germany) for calcium
imaging experiments and in vivo whole-cell patch clamp recordings under visual
guidance. The excitation source was a Chameleon Ultra mode-locked Ti:sapphire
laser (Coherent, Santa Clara, USA) with the wavelength set to 900 nm. Two
different water immersion objectives were used for the acquisition of fluorescence
images. A 10x/0.3 NA Plan-Neofluar objective was used for overview images
of the recording position, and an infrared-corrected 40x/1.0 NA objective for
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recordings of neuronal activity (both ZEISS, Jena, Germany). The mouse was
tilted by 90° and fixed using a holding bar screwed to the cap nut on top of the
skull. Fluorescence images of neuronal activity were acquired at 5 Hz frame rate
(100 x 100 pixels; longpass 515 nm filter). A high-resolution image was acquired
as reference image (512 x 512 pixels, line average 4). The laser excitation wave-
length was set to 750 nm for the acquisition of images from neurons labeled with
the retrograde tracer CTB555. Spectral separation between signal emitted by
GCaMP6 and CTB555 was achieved by using bandpass emission filters (500-550
nm and 575-640 nm). We recorded 2-4 different areas in the LEC per mouse. In
some mice, Vybrant Dil cell-labeling solution (Life Technologies, Carlsbad, USA)
was injected through the imaging window after the recording session to confirm
ex vivo the correct location of the window. The experiment was terminated by
deeply anesthetizing the mouse with isoflurane before perfusing it as described
above. The brain was used for analysis of injection sites, location of the imaging
window and retrograde tracer labeling and for immunohistochemical experi-
ments. If calcium image quality did not meet our criteria—i.e., when surgical
procedures resulted in bleeding at the brain surface or when image motion
artifacts were too strong—mice were excluded from further analysis.

Olfactory stimulation. Olfactory stimulation was controlled with custom-written
software in LabView. Monomolecular odors with a broad spectrum of molecular
features were chosen for stimulating neuronal activity in the LEC: ethyl butyrate
(EB), amyl acetate (AA), eugenol (E), cineole (C), hexanal (H) and benzaldehyde
(B) (Sigma-Aldrich, ST. Louis, USA). A custom-built flow-dilution olfactometer
mixed saturated odor vapor of pure odors with filtered air. The carrier stream of
clean air was set to a flow rate of 21 per minute, which was mixed with odorized air
of 0.21 per minute for a final concentration of 10%. In an additional set of experi-
ments, two of the odors (benzaldehyde and amyl acetate) were diluted with mineral
oil and presented at different concentrations (Supplementary Fig. 3). Odors were
delivered by a tubing system and solenoid valves under computer control for 4 s
per stimulus with an initial delay of 5 s for baseline recordings. The tube opening
was positioned <1 c¢m in front of the animal’s nostrils. The delay in odor onset
resulting from the stimulation apparatus (tubing etc.) was determined to be 330 ms
as measured using a photoionization detector, and was taken into account in the
analysis. The mouse was allowed to breathe freely and stimulus delivery was not
locked to the respiration cycle. Each stimulus was followed by an interstimulus
interval (ISI) of 26 s to avoid sensory adaptation. At least 15 trials were recorded
for every imaging area with each trial consisting of 3 stimuli presented in a rand-
omized fashion. Every series of trials included mock trials of pure filtered clean air.
We used a suction system positioned next to the tube opening to quickly remove
lingering odor. The flow rate of odorized air was continuously controlled by a mass
flow sensor for gases (First Sensor AG, Berlin, Germany).

Acquisition of brain slice images. The analysis of brain sections focused on
dorsal and intermediate parts of the LEC, as these anatomical levels correlated
to the accessible part of the LEC using the surgical procedure for two-photon
microscopy. Images of all brain slices with fluorescence staining, tracer injections
or virus injections were taken with a confocal laser scanning microscope (LSM
700, software ZEN 2010, ZEISS, Germany) equipped with a 20x objective. Images
for quantification of retrogradely labeled neurons and expression of marker
proteins were taken with 1,024 x 1,024 pixel resolution and 640 um x 640 pm
image size. GAD67FCGFP mice were used for the analysis of the relative percent-
ages of excitatory REY, excitatory CB* and GABAergic neurons in LITa and LIIb.
We employed immunohistochemical staining against RE and WES1. The latter
was used to quantify excitatory CB* neurons (Supplementary Fig. 1). GAD67FGFP
mice and 5-HT;-EGFP mice were used for the analysis of protein marker expres-
sion of GABAergic neurons. We used immunohistochemical staining against RE
and against CB in 5-HT;-EGFP mice to distinguish between LIIa and LIIb, and
counted in these mice only 5-HT3*/EGFP* neurons. To estimate the percentage
of 5-HT;34R* neurons in the total GABAergic population, we compared the
number of EGFP* cells in 5-HT3-EGFP mice with the number of EGFP™ cells
in the GAD67EGFP mice. We analyzed 4 to 8 sections from each hemisphere.
The software Image] (NIH) was used for further processing of images. Data are
presented as mean * s.e.m., if not indicated otherwise.

Analysis of in vivo two-photon calcium imaging data. Image analysis was
performed in Matlab (MathWorks, Natick, MA) and Image] (NIH). All

quantifications and statistical analyses were performed with Matlab. Somatic
regions of interest (ROIs) were manually selected on high-resolution reference
images. Calcium imaging movies were warped to high-resolution reference
images by custom-written routines based on nonlinear image registration. For
each ROI, the average fluorescence intensity was extracted and converted into
relative change in calcium according to

AF_F-Fy
F )

Baseline fluorescence Fy was calculated as the tenth percentile of background-
subtracted fluorescence for each ROI Mean AF/Flevel during the 4-s pre-stimulus
period was subtracted from each individual odor response. Odor-evoked recep-
tive fields were computed by averaging calcium responses to all presentations of
a specific odor and sorted from ‘best’ to ‘worst’ based on the mean AF/F value
during a time window 2 to 3 s after stimulus onset (where typically the early
response peak occurred; Supplementary Fig. 10). Trial-averaged fluorescence
traces were defined as significant ‘early’ responses, when AF/F either increased
(‘positive’ responses) or decreased (‘negative’ responses) by more than three
times the baseline s.d. during the 4-s stimulation time window. The duration
of significant positive calcium responses was calculated as their full-width at
half-maximum (FWHM), fully opening the analysis window to 0-20 s follow-
ing stimulus onset. Onset latencies of calcium transients were determined for
‘early’ responses (within the 4-s stimulation period) by linearly fitting the time
points between stimulus onset and threshold crossing (plus two extra frames)
and extrapolating the resulting fit line back to zero baseline crossing. Onset laten-
cies were corrected for the 0.33-s dead time determined for odor delivery. ‘Late’
responses occurring after stimulation offset were defined as additional positive
AF/F peaks during a 4-s window after stimulus end exceeding the mean AF/F
value during the last second of the stimulus period by more than three s.d. cal-
culated within this window.

We quantified odor tuning (selectivity of responses to specific odors) by
normalizing the ranked odor-evoked amplitudes to the mean amplitude of the
best-odor responses. The sharper the decline in amplitude for second-best and
further odors, the higher the selectivity. Additionally, we assessed selectivity
by calculating the kurtosis of the AF/F responses for each odor as a measure
of lifetime sparseness’ (Supplementary Fig. 11). Finally, as another measure
of selectivity, we determined the fraction of neurons responding to zero, one,
or multiple odors (positively or negatively) for each cell type. Mutual informa-
tion between odor stimulation and binned calcium responses was computed as
described in Abbott and Dayan, Computational Neuroscience>®, Chapter 4 (and
see Supplementary Fig. 12).

Odor classification analysis was performed with a probabilistic Bayesian classi-
fier, as implemented in the Matlab Statistics toolbox (NaiveBayes class). Neuronal
responses (predictors) were modeled with a normal distribution. For each odor,
the classifier estimated a separate distribution based on mean and s.d. in the
training data set for this odor. During prediction, the posterior probability of a
test response originating from each odor stimulation was computed, and the test
data were classified according to the largest posterior probability (i.e. the most
likely odor). Cross-validation was performed by leaving out 10% of the trials
per iteration, and testing classifier performances on the omitted data. Average
classifier performance was determined as mean over 100 iterations.

Electrophysiological recordings. Whole-cell patch-clamp recordings in the LEC
were performed in vitro and in vivo. For in vivo recordings, mice were anes-
thetized with ketamine-xylazine and a craniotomy above the LEC was made
as described above for two-photon calcium imaging experiments. Cells were
patched in the LEC under visual guidance using the two-photon microscope,
which allowed for specific selection of various cell types based on their EGFP
or GCaMP6 expression. CTB/GCaMP6 double positive cells were selected for
whole-cell patch-clamp recordings of odor responsive principal cells in LIIa.
To test for odor responsiveness, two-photon calcium imaging was performed
before patching as described above using shorter interstimulus intervals (10 s)
and fewer trials (each odor was presented at least twice). In some cases, move-
ment of the brain was reduced by applying a thin layer of low melting point
agarose (Thermo Fisher Scientific, Waltham, USA) with a concentration
of 1.5% in NRR.
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Recording pipettes were pulled from borosilicate glass capillaries with resist-
ances of 4.5-6.0 MQ and were filled with intracellular solution containing
(in mM) 130 potassium gluconate, 10 sodium gluconate, 10 HEPES, 10 phos-
phocreatine-Na, 4 NaCl, 4 Mg-ATP, 0.3 GTP, pH 7.2 adjusted with KOH. Texas
Red (4 pl/ml) was added to the intracellular solution to visualize the pipette
under the microscope. No correction was applied for liquid junction potentials.
Before penetration of the pia, high pressure (300 mbar) was applied to the pipette.
Directly after penetration of the pia, the pressure was quickly reduced to 50 mbar.
The pressure was further lowered to 30 mbar as soon as the pipette was close
to the cell. For the analysis of firing patterns, 1 s current pulses were applied
in current-clamp mode, starting with a =50 pA pulse, followed by pulses that
increased incrementally in 20 pA steps, until saturation was reached. Interpulse
interval was set to 3 s. Saturation was recognized as a decrease in action potential
amplitudes. Series resistance was monitored in voltage-clamp mode measur-
ing peak currents in response to small hyperpolarizing pulses. Series resistances
of up to 50 MQ were accepted. Signals were sampled at 10 kHz and filtered at
3 kHz. PulseSoftware (HEKA) was used for stimulus delivery and data acquisi-
tion. Matlab was used for offline analysis of firing patterns. Sag was calculated
from the first hyperpolarizing sweep as the difference between maximal and
steady state deflection in percent of the steady state deflection. Initial, middle and
final interspike interval was calculated from the sweep with the maximal firing
frequency. Adaptation was calculated as initial interspike interval/final interspike
interval multiplied by 100 subtracted from 100. Firing pattern traces represent
the first hyperpolarizing sweep, the sweep with the first action potentials and the
sweep with maximal firing frequency. Note that in some cases action potentials
occurred spontaneously during the first sweep. In other cases, maximal firing
frequency was reached during the sweep with the first action potential. In both
cases, only two traces are shown.

For in vitro patch-clamp recordings, mice were deeply anesthetized with
inhaled isoflurane, and transcardially perfused with ~30 ml ice-cold sucrose
solution oxygenated with carbogen gas (95% O,, 5% CO,, pH 7.4). Mice were
decapitated and brains removed. Horizontal 300 um thick sections were cut on
aslicer in ice-cold oxygenated sucrose solution containing (in mM) 252 sucrose,
3 KCl, 1.25 Na,H,POy, 24 NaHCO3, 2 MgSO,, 2 CaCl, and 10 glucose. Slices
were incubated in oxygenated Ringer’s extracellular solution containing 125 mM
NaCl, 25 mM NaHCO3, 1.25 mM NaH,PO,, 2.5 mM KCl, 2 mM CaCl,, 1 mM
MgCl, and 25 mM glucose at 32 °C for ~15 min, and subsequently at RT until
used for recordings. Whole-cell patch-clamp recordings were performed at 30-32
°C using pipettes pulled from borosilicate glass capillaries with resistances of 3-5
MQ (for LEC neurons) and 6-8 MQ (for OB cells). Intracellular solution for
in vitro recordings was the same as for in vivo recordings. Sections were continu-
ously perfused with oxygenated extracellular solution. Cells were visualized by an
upright microscope equipped with infrared-differential interference contrast and
standard epifluorescence. Settings for data acquisition, analysis and presentation
were the same as for in vivo recordings except that injected currents started with
—200 pA pulses and series resistance did not increase above 25 MQ. PatchMaster
(HEKA) was used for stimulus delivery and data acquisition. Matlab and IgorPro
were used for offline analysis of firing patterns.

To investigate synaptic inputs, cells were analyzed ata holding potential of =70 mV/
and axonal fibers were stimulated with blue laser light. PSCs were recorded in
response to 5 ms laser stimulations (473 nm) using approximately 120 mW/mm?
laser power. Glutamatergic and GABAergic synaptic inputs were tested by adding
the following pharmacological agents via bath-application: gabazine (10 uM; SR
95531 hydrobromide), p-AP5 (50 uM) and CNQX (10 uM). FitMaster (HEKA)
was used for offline analysis of PSCs.

K-means cluster analysis. K-means clustering was performed in Matlab using
the distance measure ‘sqeuclidean’ and 1,000 replicates, based on electrophysi-
ological parameters as shown in Supplementary Figure 6a. Note that AHP and

AP amplitude had to be excluded from this analysis to obtain good cluster results
(>90% accuracy), suggesting that these two parameters are not characteristic for
CB* and RE* cells. All parameters were standardized using the z-score function
in Matlab.

Biocytin filling and cell reconstruction. For morphological analysis of electro-
physiologically identified target cells, whole-cell patch-clamped neurons were
filled with biocytin (Aldrich, Taufkirchen, Germany; 10 mg/ml, dissolved in
intracellular solution). Cells were filled for up to 8 min before retracting the
pipette. Only one neuron per mouse or brain slice was patched and filled to
enable unambiguous reconstruction. Following in vivo filling, mice were deeply
anesthetized with isoflurane, and transcardially perfused with PBS and parafor-
maldehyde as described above. The dissected brain or the acute slices with filled
cells were fixed overnight in 4% paraformaldehyde. Whole brains were sliced on
a vibratome (V'T1000s vibratome, Leica, Germany) into 50 pm thick horizontal
slices, and stained with antibodies against several protein markers before stain-
ing with DAB as described above. Labeled neurons were reconstructed from up
to 55 serial slices per cell using Neurolucida software (MicroBrightField,
Colchester, Vermont).

Statistics. Data collection and analysis were not performed blind to the condi-
tions of the experiments. We did not use statistical methods to predetermine
sample size, but our sample sizes are similar to those generally employed in
the field. For calcium imaging data, means between different cell types were
compared by parametric statistical tests. Data are shown as mean =+ s.e.m. and
all P-values were adjusted for multiple comparisons using the Bonferroni proce-
dure. For electrophysiological data, the Shapiro-Wilk test was used to test for nor-
mal distribution. Normally distributed data were then tested for equal variability
using the F-test. Non-parametric data were tested with the Filgren-Killeen test.
Normally distributed data are shown as mean +s.e.m., and were compared using
the unpaired ¢-test either for equal or unequal variability. Non-normally distrib-
uted data with equal variability are shown as median * interquartile range, and
were compared using the Mann-Whitney U test. All P-values were corrected with
the Holm-Bonferroni test to control for familywise error rates. Non-normally
distributed data with unequal variability were not statistically compared. Graphs
were made with Excel (Microsoft) and Matlab. The figures were assembled in
Tllustrator (Adobe). The following code was used for P-values in our figures:
*P < 0.05;**P < 0.01;***P < 0.001.
A Supplementary Methods Checklist is available.

Data availability. The data that support the findings of this study are available
from the corresponding author upon request.

Code availability. Custom-written Matlab scripts can be made available to any
interested scientist.
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