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Functional Analysis of a Higher Olfactory Center, the Lateral
Horn

Nitin Gupta and Mark Stopfer
National Institute of Child Health and Human Development, National Institutes of Health, Bethesda, Maryland 20892

The lateral horn (LH) of the insect brain is thought to play several important roles in olfaction, including maintaining the sparseness of
responses to odors by means of feedforward inhibition, and encoding preferences for innately meaningful odors. Yet relatively little is
known of the structure and function of LH neurons (LHNs), making it difficult to evaluate these ideas. Here we surveyed >250 LHNs in
locusts using intracellular recordings to characterize their responses to sensory stimuli, dye-fills to characterize their morphologies, and
immunostaining to characterize their neurotransmitters. We found a great diversity of LHNs, suggesting this area may play multiple
roles. Yet, surprisingly, we found no evidence to support a role for these neurons in the feedforward inhibition proposed to mediate
olfactory response sparsening; instead, it appears that another mechanism, feedback inhibition from the giant GABAergic neuron, serves
this function. Further, all LHNs we observed responded to all odors we tested, making it unlikely these LHNs serve as labeled lines
mediating specific behavioral responses to specific odors. Our results rather point to three other possible roles of LHNs: extracting
general stimulus features such as odor intensity; mediating bilateral integration of sensory information; and integrating multimodal

sensory stimuli.

Introduction

The insect olfactory system has been useful for exploring sensory
coding and plasticity (Hansson, 1999; Laurent, 2002; Carey and
Carlson, 2011). In the locust, olfactory information is sent from
peripheral olfactory organs to the antennal lobe (AL) and is then
carried as the oscillatory output of a synchronized population of
projection neurons (PNs) (Wehr and Laurent, 1996) to two
higher olfactory centers. One center, the mushroom body (MB),
has been studied extensively and is thought to be a site for olfac-
tory learning (Davis, 2011). The other center, the lateral horn
(LH), an area defined by the terminal arborizations of PNs in the
lateral protocerebrum (Ernst et al., 1977; Homberg et al., 1989),
remains poorly understood. What roles might the LH play in
olfaction? Two hypotheses are prominent.

Perez-Orive et al. (2002) focused on a population of interneu-
rons in the LH [LHIs, a subtype of LH neurons (LHNs)] that
extends processes to the MB and appears to be GABAergic.
Kenyon cells (KCs) in the MB receive oscillatory waves of excit-
atory input directly from PNs; Perez-Orive et al. (2002) proposed
the LHIs, which also receive this excitatory input from PNs, then
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feed it forward, after a brief delay, as inhibition to KCs. KCs
would thus receive alternating waves of excitation from PNs and
inhibition from LHIs, which together define temporal integra-
tion windows that help maintain the minimal and specific odor-
elicited spiking observed in KCs.

The LH has also been proposed to encode innate olfactory
preferences. Abolishing the MB in Drosophila was linked to def-
icits in olfactory learning but had little effect on innate olfactory
behaviors (de Belle and Heisenberg, 1994; Kido and Ito, 2002).
Further, reducing olfactory input to both the MB and the LH
caused deficits in innate behaviors, leading Heimbeck et al.
(2001) to argue, by exclusion, that the LH could mediate innate,
unlearned responses. Consistent with this proposal, anatomical
studies in Drosophila showed stereotypical clustering of PN ar-
borizations in the LH (Marin et al., 2002; Wong et al., 2002;
Tanaka et al., 2004). Further, the LH appears to provide labeled
lines for processing pheromones and mediating sexual behaviors
(Jefferis et al., 2007; Ruta et al., 2010). However, whether the LH
provides specialized pathways for specific odors processed by the
general (nonpheromonal) olfactory system remains unclear be-
cause LHNs could integrate input from diverse PNs (Jefferis et al.,
2007) and blocking synaptic transmission in the MB can cause
deficits in innate behaviors (Wang et al., 2003; Xia and Tully,
2007).

Information about the morphology and responses of LHNS is
needed to test these ideas. Here, we examined the structure and
functions of the LH with an anatomical and electrophysiological
survey in the locust. Our results are inconsistent with widely
accepted views on the composition of the LH, on the mechanisms
underlying the sparseness of odor representations and the decod-
ing of the PN input in KCs, and on the role of different LHNs in
encoding innate preferences. Our results rather suggest the LH
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may contribute to concentration coding, bilateral processing,
and multimodal integration.

Materials and Methods

Stimulus delivery. Odors were delivered as described previously
(Brown et al., 2005). Briefly, 20 ml of odorant solutions were placed in
60 ml glass bottles at dilutions of 10% or 0.1% (v/v) in mineral oil.
Odorants used in our study were as follows: grass volatiles hexanol
(hex), octanol (oct), hexanal (hxa), and 1-octen-3-ol (031); the syn-
thetic compound cyclohexanone (chx); and nongrass plant volatiles
geraniol (ger), citral (cit), and methyl jasmonate (mja), an oviposi-
tion deterrent (Daly et al., 2001). Odor pulses were delivered by puff-
ing a measured volume (~0.1 L/min) of the static headspace above
the odorants into an activated carbon-filtered air stream (~0.75
L/min) flowing continuously across the antenna. A large (11 cm)
vacuum funnel placed behind the antenna quickly removed the odor-
ants. In some experiments, a bright white LED (7000 millicandela;
RadioShack) placed 10 cm from the eyes and a piezo pulse buzzer
(RadioShack) placed 50 cm from the animal provided visual and
auditory stimuli, respectively.

Electrophysiology. Recordings were made from 102 adult locusts
(Schistocerca americana) of either sex raised in our crowded colony. In-
sects were immobilized, and their brains were exposed, desheathed, and
superfused with locust saline at room temperature as described previ-
ously (Stopfer and Laurent, 1999). Local field potential (LFP) recordings
were made in the MB calyx using blunt glass micropipettes (6—15 M)
when filled with saline) pulled by a horizontal puller (P87; Sutter Instru-
ment). Intracellular recordings were made using sharp glass micro-
pipettes (60—200 M(), when filled with 0.5 M potassium acetate or an
intracellular dye solution). The signals were amplified in bridge mode
(Axoclamp-2B; Molecular Devices), further amplified with a DC ampli-
fier (Brownlee Precision), and sampled at 15 kHz (LabView software;
PCI-MIO-16E-4 DAQ cards; National Instruments). After recording,
dyes were injected into the neurons iontophoretically using 0.2-2 nA
current pulses at 3 Hz for up to 20 min.

Histology and immunostaining. The intracellular dye solution con-
sisted of 1% Neurobiotin (Vector Laboratories) in 0.2 m LiCl or 5%
Lucifer yellow, Alexa Fluor 568, or Alexa Fluor 633 (Invitrogen) filled at
the tip with 0.2 M LiCl in the shaft. Histological steps and confocal imag-
ing were performed as described previously (Ito et al., 2008). Anti-GABA
immunostaining was performed on whole locust brains containing dye-
filled neurons using the procedure of Perez-Orive et al. (2002). Briefly,
brains were taken from the glass slides and gradually hydrated through a
series of 100, 90, 80, 70, 50, and 30% ethanol baths, and were washed with
PBS containing 5% Triton X-100 (PBST). Brains were then agitated for
5hin PBST containing 10% goat serum (PBST-GS) and were transferred
to fresh PBST-GS containing rabbit anti-GABA (Sigma) at 1:100 dilu-
tion. After incubation for 5 d, brains were washed for 4 h in PBST at room
temperature and transferred to PBST-GS containing Alexa Fluor 633-
conjugated goat anti-rabbit IgG (Invitrogen) at 1:100 dilution and were
incubated for 5 d. They were then washed in PBS, dehydrated through
ethanol series, cleared in methyl salicylate, and examined by confocal
laser scanning microscopy. Confocal stacks were analyzed using public
domain software Image]J (National Institutes of Health).

Data analysis. All analyses were performed using custom programs in
MatLab (MathWorks). Peristimulus time histograms (PSTHs) of neural
activity were estimated by convolving instantaneous firing rate (com-
puted in 20 ms bins, averaged over trials) with a 200 ms Gaussian func-
tion. Responsiveness of a neuron was determined by an automated
algorithm: a neuron was considered responsive to a stimulus if the PSTH
in a 2 s period following stimulus onset changed by >3.5 SD from back-
ground (Perez-Orive et al., 2002); responsiveness determined by the
algorithm was consistent with visual inspection. Sliding-window cross-
correlations between the LFP and LHNs were computed using the “xcov”
function in MatLab (MathWorks) with the “coeff” normalization option
(to minimize the effects of DC shifts and amplitude changes) on 5-40 Hz
bandpass-filtered LFP and unfiltered LHN recordings with 150 ms win-
dows and 50 ms shift interval and finally were averaged over multiple
trials for a given cell- odor pair. Cross-correlograms between the LFP and
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the membrane potentials of LHNs (see Fig. 4) were computed using
filtered LHN and LFP recordings; LFP autocorrelograms were computed
similarly. The strength of spontaneous cross-correlation was estimated
by computing the cross-power spectral density between the LFP and the
membrane potential of an LHN [both signals centered and scaled with
the “zscore” function in MatLab (MathWorks)] in a 2 s period before
odor onset and integrating it over the 15-30 Hz frequency band. Phases
of spikes in LHNs with respect to the concurrent cycle of the LFP were
estimated by determining their positions relative to the previous (0 ra-
dian) and the next (27 radian) peak in the simultaneously recorded LFP,
which was bandpass filtered (15-30 Hz). Phases of giant GABAergic
neuron (GGN) output (which is nonspiking) with respect to the LFP
were estimated by recording GGN membrane potential and averaging
the rows of the GGN-LFP cross-correlograms (i.e., over time) ina 1 s
response period and determining the positions of the peaks immediately
before (0 radian) and immediately after (277 radian) the position of zero
time lag.

Classification task. Because we could not determine with certainty
the total number of neurons in each LHN class, we restricted our
analysis to the information content of individual LHNs and report the
success rate of an algorithm to classify odors given the responses of
each class of LHN. We represented the information content of LHNs
with vectors of spikes binned in 50 ms windows (selected with refer-
ence to the strong synchrony of LHNs with the LFP at ~20 Hz). For all
LHNSs, we performed pairwise classification only between an alcohol
odor (hex or oct) and a ketone (chx) to ensure accuracy estimates
were not biased by the differences in the odors tested for different
cells. The classifier first generated a template for each odor by calcu-
lating the centroid of the vectors from training trials (50% of all trials)
and then classified the remaining (test) trials based on Euclidean
distance from the two templates (Stopfer et al., 2003). An accuracy
estimate was derived by counting the fraction of correct classifica-
tions (expected chance performance is 0.5). Another classifier, based
on the k-means algorithm for unsupervised classification, provided
similar results (data not shown).

Results

LHNs are diverse

Neurons were impaled, often in a neurite, in the LH region (Fig.
1, top left) with sharp intracellular electrodes, and their responses
to a panel of odorants, and in some cases to a light or a sound
stimulus, were tested (see Materials and Methods). Recordings
were made from a total of 260 cells in 102 animals, providing
~900 cell-stimulus combinations, with up to 10 trials for each
(Table 1). LFPs were recorded simultaneously in the MB calyx
using an extracellular electrode to measure odor-evoked oscilla-
tions. We were able to fully label approximately one-quarter of
the recorded neurons with a fluorescent dye, revealing a surpris-
ing diversity of neuron morphology. Although previous studies
in Drosophila based on available lines of genetically labeled neu-
rons have reported three or four classes of neurons in the LH
(Tanaka et al., 2004; Jefferis et al., 2007; Yu et al., 2010), we found
10 very distinct morphological classes (Fig. 1; Table 1); examples
of each class were observed in at least two brains, and each re-
sponded to odors. The cell bodies and primary neurites of neu-
rons within a class were found in consistent locations (Fig. 2A, B,
see examples). We refer to all neurons (other than PNs) with
neurites in the LH as LHNs to distinguish them from a subset, the
LHIs previously described by Perez-Orive et al. (2002). Although
PN send processes to this region, we did not record from them;
none of our recordings showed the response characteristics of
PNs (phase preference of spiking with respect to the LFP, elabo-
rate and odor-specific spiking patterns), and none of the cells we
filled in this region showed the distinctive morphology of a PN.
Three of the classes we observed (C1, C5, C6) have been previ-
ously reported in the locust. C1 shows the same morphology
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Anatomical and electrophysiological survey of the LH. Top left, Flattened confocal stack of an unlabeled locust brain. Dotted circle, LH. AN, Antennal nerve; ON, optic nerve. Sharp

intracellular recordings were made from LHNs, and simultaneous extracellular LFP recordings were made from the ipsilateral MB calyx. Middle, Ten morphologically distinct classes of LHNs,
illustrated with hand-traced intracellular dye fills. Somata of C10 neurons were not detected. Bottom, Representative intracellular recordings from the 10 LHN classes, showing their responses to

odor presentations (gray bars). Calibration bars, 10 mV.

defining the LHIs (Perez-Orive et al., 2002). C5 is the GGN
that provides feedback inhibition to the KCs (Papadopoulou
etal., 2011). C6 neurons, which also arborize in the B-lobe of
the MB, have been previously reported as one of the anatom-
ical subtypes of B-lobe neurons (3-LNs) belonging to the set
of MB output cells (MacLeod et al., 1998; Cassenaer and
Laurent, 2007).

In sharp contrast to the sparse spiking observed in KCs, which
are targets of the PNs in the MB (Perez-Orive et al., 2002; Stopfer
et al., 2003; Ito et al., 2008; Turner et al., 2008; Honegger et al.,
2011), LHNs typically fired spontaneously and showed strong

responses to odors (Fig. 1, bottom). These responses varied from
simple increases or decreases in firing rate to more complex
temporal patterns of spikes. Although different classes of
LHN s generated somewhat different spiking patterns, responses
to different odors within a class were not always more similar to
each other than to the responses of other classes. Thus, it was
generally not possible, with the sole exception of C5, to use these
responses to accurately identify the class of a neuron. We there-
fore used morphological criteria to classify neurons. C5 neurons
(GGN) showed graded odor responses, did not respond with
action potentials to any odor or current stimulus, and could be
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Table 1. LHN classes
Cell stimulus pairs GABA-positive neurons/
Class ID Locationof cell ~ LH Times recorded forfilled Trials per recording total GABA stains
(common name) body arborization Other regions of arborization filled neurons (mean = SD) obtained Comments References
C1(LHI) Middle lateral pr  Dense MB calyx 7 n 9.0*=16 0/2 Previously proposed to mediate feed- Perez-Orive et al., 2002
forward inhibition to KCs
Q Middle lateral pr ~ Dense Abranch from LH bifurcates: one part goesto 2 7 9319 ‘¢
posterior prand another to anterior pr
and ventral deutocerebrum
a Posterior lateral pr  Dense Looping projections in middle/posteriorpr; 6 25 82=*24 0/3 Projects bilaterally
one branch reaches contralateral LH
“4 Middle lateral pr ~ Dense Looping projections in middle/posteriorpr 3 10 7 £ 24 7
(5 (GGN) Middle lateral pr ~ Dense MB a-lobe (input); MB calyx (output); MB 15 111 9.9 £ 06 33 Nonspiking responses; nine unfilled  Liu and Davis, 2009;
pedunculus neurons could also be identified Papadopoulou etal.,
as GGNs from their characteristic 201
responses
@6 (B-LN) Posterior medial pr Dense MB 3-lobe (input); MB pedunculus; looping 9 46 8630 0/3 One of the two types of output MacLeod etal., 1998;
projections in posterior lateral pr neurons reported in MB 3-lobe Cassenaer and Laurent,
2007; Papadopoulou et al.,
201
a Anterior lateral pr  Sparse Ipsilateral and contralateral anterior medial ~ 4 15 9.4 +£17 0/2 Projects bilaterally
pr: one branch goes toward ventral
deutocerebrum
(€] Middle lateral pr ~ Sparse Posterior lateral pr, anterior medial pr 12 47 2/2
(¢ Posterior lateral pr Sparse Posterior lateral pr, anterior medial pr, 2 15 * ‘¢
ventral deutocerebrum
Qo Not identified Sparse Posterior and middle lateral pr:one branch 2 13 8121 ¢ Multimodal responses; also shown by

goes toward anterior medial pr

10 unfilled neurons

Descriptions of 10 morphological classes of LHNs identified from intracellular fills. Because the boundaries of the LH are not clearly visible in individual fills, we could only determine whether a neuron had dense or sparse projections in the

region. pr, Protocerebrum.
“Classes for which GABA stains were not available.

unambiguously identified by their characteristic subthreshold
activity patterns (Papadopoulou et al., 2011).

LHIs do not provide feedforward inhibition to the KCs
Perez-Orive et al. (2002) suggested one class of LHN, the LHIs,
provides feedforward inhibition to the KCs in the MB calyx. We
recorded from seven neurons (class C1) that match the key ana-
tomical characteristics of LHIs: they have somata in a cluster near
the LH, form dense arborizations in the LH, and project to the
calyx of the MB. Consistent with the previous description (Perez-
Orive et al., 2002), we found these neurons responded strongly
and reliably to all tested odors with spikes and subthreshold
membrane potential oscillations (Fig. 1).

We obtained clear immunostaining against GABA in two
brains containing LHIs, with responses characterized by intracel-
lular recordings and morphologies identified by intracellular dye
injection. Both revealed the same surprising result: neither LHI
labeled positively for GABA. In both brains, other neurons clus-
tered near the LHI were strongly labeled (Fig. 24, B), indicating
our stains were successful and reproducible. These results sug-
gested that, although the LHIs are located near GABAergic cells,
the LHIs themselves are not GABAergic. We re-examined the
evidence presented by Perez-Orive et al. (2002). These authors
did not show immunostaining for individual LHIs, but rather
described two types of results from anti-GABA screening of the
whole brain. First, they found a cluster of ~60 GABAergic cells
near the cell bodies of the LHIs. Second, they identified a GABA-
ergic tract between the LH and the MB calyx, potentially bear-
ing the axons of the LHIs. They also noted that dendrites of
KCs intermingle with GABAergic fibers in the calyx region of
the MB (Leitch and Laurent, 1996) and that KCs show odor-
elicited IPSPs.

Our results suggest other types of neurons underlie all these
observations. Class C8 neurons, which have cell bodies near those
of the LHIs but do not project to the calyx (Fig. 1), labeled posi-

tively for GABA (Fig. 2C). Moreover, C8 cells were identified
more frequently (12 times) than the LHIs (seven times), suggest-
ing C8 cells constitute at least a portion of the cluster thought to
contain the LHIs. We also identified the GABAergic tract (Fig.
2D) between the LH and the MB calyx described by Perez-Orive
et al. (2002). However, our intracellular fill of GGN (Fig. 1, class
C5) followed by immunostaining for GABA revealed this tract is
actually a branch of GGN (Fig. 2 D). Moreover, nearly all the
GABAergic fibers we repeatedly observed in the MB calyx over-
lapped precisely with arbors of GGN, indicating GGN provides
by far the greatest source of inhibitory input to the KCs (Fig. 2 E).
We identified additional GABAergic fibers of unknown origin
running along the pedunculus to the accessory calyx (but not
projecting to the LH); because KCs in the olfactory system do not
project to the accessory calyx (Laurent and Naraghi, 1994), these
fibers are unlikely to inhibit the KCs. Thus, of the two types of
neurons (GGN and LHIs) proposed to inhibit KCs, only GGN
appears to perform this role.

GGN can account for most roles attributed to LHIs
The LHIs described by Perez-Orive et al. (2002) were suggested to
play two important roles in odor coding.

Piecewise decoding of PN input by the KCs

The spikes of the LHIs, biased by their inputs from rhythmically
driven PNs to occur in a specific phase position in every oscilla-
tion cycle, have been proposed to provide a mechanism for KCs
to decode input from PN cycle by cycle. This helps KCs to func-
tion as coincidence detectors (Perez-Orive et al., 2002, 2004) re-
sponding only to synchronized firing from multiple presynaptic
PN (Jortner et al., 2007). It is unclear whether the graded output
of the nonspiking GGN could perform a similar role. It was
shown recently that GGN output intensity correlates with the
overall magnitude of the LFP oscillations when viewed across
cycles (Papadopoulou et al., 2011). Does this output vary with
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GABA Merge

Source of GABAergic inhibition to the MB calyx. A—C, Dye-filled LHIs projecting to the MB calyx do not label positively for GABA. A, B, LHN class C1 LHIs. Left, Flattened confocal stack

shows neuron’s morphology (showing left half of the brain; compare with Fig. 1 for orientation). Middle to right, Overlap between the intracellular fill (green) and the GABA immunostain (magenta)
inaregion near the cell body (arrowheads). LHIs are GABA negative but are located near GABA-positive cells. €, LHN class C8. This LHN is GABA positive but does not project to the MB calyx. D, Top,
GABA immunostain shows a GABAergic tract between LH and MB calyx (dots). Bottom, Intracellular fill of GGN in the same brain shows this tract is a branch of GGN. E, Top, GABA immunostain shows
GABAergic fibers in the MB calyx. Bottom, Intracellular fill of GGN in the same brain shows most or all of these fibers are branches of GGN. Scale bars, 100 m.

phase within a cycle? Analyzing the within-cycle phase relation-
ship between GGN and the simultaneously recorded LFP, we
made the following observations. First, on presentation of odors,
GGN membrane potential showed strong oscillatory synchrony
with the LFP (Fig. 3A). Second, the phase difference between
GGN membrane potential and the LFP was usually between 180°
and 210° (Fig. 3B1,B2); that is, the peaks of GGN output occurred
near the troughs of the LFP. Third, the phase remained un-
changed for different odors (Fig. 3C). Together, these observa-
tions show the inhibitory drive to the KCs from GGN is strongest
at a specific phase of the oscillatory cycle, and this phase remains

stable across different odors, potentially enforcing uniformly
sized integration windows within each oscillation cycle over
which KCs could integrate the PN input (Fig. 3D).

Maintaining sparseness of spiking in KCs across odor
concentrations

Increases in odor concentration increase the coincidence of firing
among PN, but, puzzlingly, do not alter the sparseness of firing
in the coincidence detecting KCs (Stopfer et al., 2003). A compu-
tational model based on feedforward inhibition from the LHIs to
the KCs suggested that concentration-driven changes in the
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phase of spiking of LHIs could adjust the
integration windows for KCs (Assisi et al.,
2007), thus maintaining the sparseness of
response in KCs elicited by different con-
centrations of odors. However, we found
the phase of GGN output did not vary
with odor concentration (Fig. 3E). Could
GGN maintain the sparseness of firing in
KCs by another mechanism? Recently, a
computational model (Papadopoulou et
al,, 2011) suggested that GGN can help
maintain the sparseness by increasing its
net inhibitory output with the odor con-
centration and supported this prediction
with tests using one odorant. We con-
firmed and modestly extended these re-
sults by comparing GGN output elicited
by low and high concentrations of three
different odorants. We found increasing
the concentration of each odor signifi-
cantly increased the amplitude of GGN
output (Fig. 3F), supporting the role of
GGN in maintaining sparse firing of KCs
but by a mechanism different from that
proposed for the LHIs.

LHNSs and innate odor preferences

Next, we asked whether the connectivity
and response properties of different
classes of LHNs are consistent with a la-
beled line model of encoding innate pref-
erences for odors (Tanaka et al., 2004;
Ruta et al., 2010). LHNs are commonly
thought to have specific connectivity to
PNs and very selective responses to odors
(Luo et al., 2010). Our intracellular fills
from LHNs showed that classes C1, C2,
C3, and C4 form dense, ball-like projec-
tions exclusively in the LH (Fig. 1), sug-
gesting these neurons receive densely
convergent input from large numbers of
PNs. Such input would be expected to
generate, even in the absence of odors,
membrane-potential fluctuations that
closely resemble the LFP, which is estab-
lished by converging input from many
PNs in the calyx (Laurent and Naraghi,
1994). Indeed, we found the membrane
potentials of LHN classes C1-C4 were
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Figure3. GGN-mediated feedbackinhibition is consistent with the regulation of temporalintegrationin KCs. A, Sliding window
cross-correlation diagram (average of 10 trials) shows strong phase locking between GGN and the LFP; red and blue bands indicate,
respectively, peaks and troughs of the cross-correlation. Note the negative correlation at 0 time lag (dotted line) during odor
presentation (gray bar). B, Polar histogram shows precise phase position of GGN output relative to the LFP (n = 48 cell-odor
combinations; see Materials and Methods). Concentric circles, events per angular bin. B2, Representative simultaneous recording
of GGN and the LFP (filtered 15-30 Hz) during an odor presentation (colored background). In most oscillation cycles, peak GGN
output occurs near the trough of the LFP (arrowheads). (, Average GGN phase for three different odors (n = 10, 24, and 14
recordings, respectively, for chx, hex, oct); mean = SEM; one-way ANOVA, F, 45y = 0.21,p > 0.8, n.s.). D, Schematic diagram
comparing the integration windows for two models. Top, Presumed inhibitory spikes in LHIs, occurring after the excitatory spikes
in PNs, were proposed to create brief integration windows (colored background) for the KCs within each oscillatory cycle. Bottom,
GGN output is appropriately timed to form similar integration windows. E, Phase of GGN output does not vary with odor concen-
tration: pairwise comparison of GGN phase evoked by 0.1% and 10% odor concentrations; n = 24 cell- odor combinations from 12
cells; two-tailed paired ¢ test; p > 0.9, n.s.; gray bars, mean. F, Net output of GGN increases with odor concentration. GGN output
(membrane potential above the baseline integrated for 2 s after odor onset) evoked by 0.1% and 10% concentrations of odor (all
combined in the first panel); n = 15, 8, and 9 cell- odor pairs, respectively, for hex, chx, and oct; two-tailed paired ¢ tests.

tightly synchronized with the LFP even in the absence of odor
(Fig. 4A1); these measures resembled an autocorrelation of the
LFP (Fig. 4A2). Classes C1-C4 showed strong spontaneous syn-
chrony with the LFP before odor onset, significantly more
than did other classes (Fig. 4A4). These anatomical and phys-
iological results both suggest classes C1, C2, C3, and C4 LHNs
receive massively convergent input from PNs, consistent with
our observation that these cells responded to all the odors we
tested.

Although classes C5 (GGN) and C6 (B-LN), too, formed
dense projections in the LH, they also arborized heavily in the
a-lobes and the B-lobes of the MB, respectively, and are known to
receive their primary input from these lobe areas (Cassenaer and
Laurent, 2007; Papadopoulou et al., 2011). Further, it was re-

cently shown that silencing KCs by depolarizing GGN also si-
lenced B-LNs (Papadopoulou et al., 2011), indicating 3-LNs do
not receive direct input from PNs. The responses of GGN and
B-LNs were different from those of LHN classes C1-C4; the for-
mer synchronize with the LFP only during odor presentations
(Figs. 3A, 4A3,A4). Finally, consistent with results suggesting
only classes C1-C4 receive direct and converging input from PNs
(see next section), we found concentration-dependent changes in
the phases of the spikes of classes C1-C4 but not in those of
B-LNs or in the phases of GGN graded output (Fig. 3E). LHN
classes C7-C10 did not show spontaneous cross-correlations
with the LFP (Fig. 4A4) and did not appear to receive massively
convergent PN input.
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GGN has been shown to respond to all tested odors (Papadopoulou
etal., 2011); our recordings confirmed this (data not shown). Here, we
report the selectivity of other classes of LHNS. In total, our dataset
included 171 cell-odor pairs from morphologically identified
neurons from classes C1-C10 (excluding GGN). Of these, 170
pairs cleared an automated algorithm threshold for detectinga
significant response to odor presentation (see Materials and
Methods); visual inspection yielded nearly identical results
and showed that the single cell-odor pair whose response did
not clear the algorithm threshold contained a small but reli-
able inhibitory component.

Thus, all the LHNs we identified (classes C1-C10) responded
to all tested odors; notably, in this respect LHNs are less selective
than PNs (Wehr and Laurent, 1996). Further, many LHNs
showed anatomical and physiological evidence of receiving
densely convergent input from PNs, contradicting an earlier pro-
posal (Tanaka et al., 2004). The odorant panel we used in this
study, though limited in size, included odors with different types
of ecological relevance. Grass volatiles hexanol and hexanal in-
cluded in the panel are innately attractive to locusts (Sun et al.,
unpublished observations); yet, responses of LHNs to these odor-
ants were not distinct from responses to other odorants. Because
C1-C10 LHNs responded broadly to our panel of odorants, we
can infer that these LHNs are not specialized to respond exclu-
sively to any potentially relevant odors that we did not test. Indi-
vidual LHNs could show excitatory or inhibitory responses to
multiple odors (Fig. 4 B1,B2) or both excitation and inhibition in
sequence in response to a single odor (Fig. 4B3). The odor-
evoked firing patterns of some of these broadly responsive neu-
rons, like those of PNs, contained information that could be used
to classify odor identity (Fig. 4 B, C; see Materials and Methods).
After 300-500 ms of odor onset, a time period found sufficient
for making behavioral decisions (Vickers and Baker, 1996), the
classification success rate of different classes of LHNs varied

widely, from 60% to 95% (Fig. 4C), consistent with the functional
diversity of cell types in the LH. Together, our results lend no
support to the idea that LHNS, in general, act as labeled lines for
mediating highly selective behavioral responses to specific, in-
nately meaningful odors.

Simple coding of stimulus intensity

What other functions might the LH serve? Because LHNs are
fewer in number than and receive convergent input from PNs, we
considered that LHNs might serve, in part, to extract general
features of odorants. A computational model has suggested con-
verging input from PNs could cause spikes in LHNs to occur with
a phase preference that varied with, and thus contained informa-
tion about, odor concentration (Assisi et al., 2007). To test this
idea experimentally, we measured the phases of spiking relative to
the LFP in LHNSs that appear to receive convergent input from
PNs (classes C1-C4).

As predicted by the computational model, we found that spike
phase indeed advanced in these neurons; that is, spikes arrived
earlier in each oscillation cycle as the odor concentration in-
creased (Fig. 5A1,A2). These changes, though small in magni-
tude, were significant and reliable across different cell-odor pairs
(Fig. 5A3). In comparison, B-LNs (class C6), which did not ap-
pear to receive convergent input from PNs, did not show such
phase specificity across odor concentrations (Fig. 5B). Further,
we found significantly more spikes were elicited by higher con-
centrations of odors in LHN classes C1-C4 (Fig. 5C,D). Thus,
unlike their presynaptic partners, the LHNs receiving convergent
PN input appeared to encode stimulus intensity in their net firing
rates and in the phases of their spikes.

Bilateral integration
The olfactory systems of many animals, including humans (but
excluding Drosophila; Stocker et al., 1990), consist of two lateral-
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odor concentrations (>2200 spikes for each concentration). Arrows show vector average. Note the decrease in phase evoked by the higher concentration. A3, Pairwise comparison of the mean phase
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various odors. D, Pairwise comparison of the net change in firing rate evoked by high and low concentrations (average firing rate in a 2 s period from odor onset minus the average background firing

rate); two-tailed paired ¢ test for the same (n = 21) cell- odor combinations.

ized, separate pathways in the initial stages of processing. In the
locust, for example, none of the well studied olfactory neurons,
including the olfactory receptor neurons, the local neurons (in
the AL), PNs, KCs, B-LNs, and GGN, cross the midline to inner-
vate neurons on the opposite side of the brain. However, behav-
ioral observations in insects (Martin, 1965; Louis et al., 2008) and
in mammals (Rajan et al., 2006, Porter et al., 2007) show bilateral
integration of olfactory information helps in tracking odors.
Which neurons in the olfactory system could mediate this
process?

We found that two classes of odor-responsive LHNs in the
locust, C3 and C7, extend bilateral projections (Figs. 1, 6 A), sug-
gesting the LH may be the first region in the olfactory hierarchy to
mediate bilateral integration. Interestingly, C3 neurons project to
the contralateral LH. Spikes recorded in C3 and C7 LHNs showed
odor-evoked synchrony (Fig. 6C) and phase locking with the LFP
(Fig. 6 D).

Multimodal integration

We asked whether the LH might also mediate the integration of
olfactory information with other sensory modalities. GGN, de-
spite sending widely sweeping processes throughout the calyx,

pedunculus, and the a-lobe of the MB (Figs. 1, 2D, E), did not
respond to light or sound in any of our recordings (data not
shown). However, 12 other neurons in our sample responded to
both odors and light (for four examples, see Fig. 6 E); their re-
sponses were validated with the automated response detection
algorithm (see Materials and Methods). These multimodal re-
sponses contained varied patterns of excitation and inhibition
(Fig. 6 E). Two of these neurons could be morphologically iden-
tified (class C10) by intracellular fills (Fig. 6 B). They showed
sparse projections in the ball-like region of LH associated with
PN output (compare with classes C1-C4 in Fig. 1), suggesting
these multimodal cells may receive their olfactory input from
higher-order cells in the region, possibly other LHNs. None of the
multimodal cells we identified showed synchrony with the LFP
(Figs. 4A4, 6C).

Discussion

Compared with the well studied roles of the MB in olfactory coding
(Laurent, 2002; Masse et al., 2009) and learning (Keene and Waddell,
2007; Davis, 2011), the role of the LH in general olfaction remains
unclear. We surveyed the LH with electrophysiological and anatom-
ical techniques to evaluate hypotheses about functions this area has
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(10 (B, B2) multimodal neurons. Cell bodies were not detected. C, Cross-correlograms show that responses of (3 and C7 LHNs correlate well with the LFP but that those of C10 neurons do not. D,
Polar histograms show phase-preference of spikes in the (3 and (7 neurons shown in A. E, Responses of four multimodal neurons to a light stimulus, an odor stimulus, or both stimuli presented
together, shown as raster plots (left) and PSTHs (right). All responses shown exceeded the automated response detection algorithm significance threshold (see Materials and Methods).

been proposed to serve. Our dye-fills of individual LHNs in the
locust revealed a surprising diversity of neurons, consisting of at least
10 distinct morphological classes (Fig. 1; Table 1).

A class of LHNs, the LHIs, was previously proposed to provide
feedforward inhibition to regulate the firing of KCs based on two
sets of observations: intracellular dye-fills showing these LHIs
send processes to the MB calyx and GABA immunostains show-
ing a cluster of ~60 GABAergic neurons in the area of LHI so-
mata, and a GABAergic fiber tract between the LH and the MB
calyx (Perez-Orive et al., 2002). Whether the dye-filled LHIs la-
beled positively for GABA was not tested.

With dye-fill experiments, we identified LHNs matching mor-
phological and physiological descriptions of the LHIs (C1). How-
ever, following the same immunostaining technique used by the
earlier authors, we found these dye-filled neurons were not
GABAergic (although we observed strongly stained GABAergic
neurons adjacent to them; Fig. 2A, B). Using this technique we
also identified the cluster of GABAergic neurons reported earlier.
However, our intracellular fills showed this cluster contained
GABA-positive C8 neurons that do not project to the calyx (Fig.
2C). Recent work shows B-LNs with somata near those of the
LHIs (Cassenaer and Laurent, 2007) are inhibitory (Cassenaer
and Laurent, 2012), suggesting the GABAergic cluster may also
contain these 8-LNs. We found that the GABAergic tract between
the LH and the MB, thought by the earlier authors to carry feed-
forward inhibition from LHIs, is actually a branch of GGN (Fig.
2D). Moreover, we found that most, and perhaps all, of the
GABAergic fibers in the calyx appear to be branches of GGN (Fig.
2E). It remains unknown what functions are served by the LH

branch of GGN. Although a blind-stick sampling procedure can-
not definitively rule out the existence of any given neuron and
unknown neurons or neurotransmitters may provide additional
inhibitory pathways, neither published observations nor our new
results provide evidence that GABAergic LHIs exist or that any
LHNs provide feedforward inhibition to the KCs.

Our results are consistent with anatomical findings from other
insect species. In Drosophila, the anterior paired lateral neuron
(APL), which may contribute to olfactory memory, is the only
known GABAergic neuron projecting to the calyx (Liu and Davis,
2009; Pitman et al., 2011; Wu et al., 2011); it is morphologically and
physiologically similar to the locust GGN (Papadopoulou et al,,
2011), although its influence on KCs remains to be tested. In cock-
roach (Yamazaki et al., 1998) and honeybee (Bicker etal., 1985), only
large GABAergic neurons, with GGN-like connectivity, appear to
provide substantial inhibitory input to the calyx. We identified in the
moth Manduca sexta a single cluster of GABAergic cells that ar-
borizes in the calyx and the lobe areas of the MB (data not shown;
Homberg et al., 1987).

Periodic phase-locked inhibition from LHIs was proposed to
help the KCs function as coincidence detectors (Perez-Orive et
al., 2002). This idea has also influenced thinking about the role of
inhibition in the mammalian cortex (Larimer and Strowbridge,
2008; Poo and Isaacson, 2009; Stokes and Isaacson, 2010). We
found that the graded output of GGN is tightly phase-locked to
the olfactory system’s oscillatory cycle with a phase-lag suitable
for defining an input integration window in KCs within each
cycle (Fig. 3A—C). Thus, although GGN differs from the pre-
sumed LHIs in population size (1 vs 60), output properties
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(graded vs spiking), and mechanism of inhibition (feedback vs
feedforward), it may also promote coincidence detection in the
KCs by imposing brief, stable integration windows in each oscil-
latory cycle (Fig. 3D). Our results are consistent with the finding
of Perez-Orive et al. (2002) that infusing a GABA receptor
blocker to the MB reduces the specificity of olfactory responses in
the KCs; our results suggest the source of GABA is GGN rather
than the LHIs. Other factors are also thought to contribute to the
sparseness of KCs, including their high firing thresholds and spe-
cialized nonlinear membrane conductances (Perez-Orive et al.,
2002, 2004; Turner et al., 2008; Demmer and Kloppenburg,
2009). A theoretical model suggested that adaptive regulation of
the strength of the PN-KC synapse could also help maintain this
sparseness (Finelli et al., 2008).

Increasing concentrations of odors elicit increasingly coinci-
dent spiking across PN, yet the odor-elicited responses of KCs
remain sparse across a broad range of odor concentrations
(Stopfer et al., 2003). A computational model suggested GABAe-
rgic LHIs could help maintain this sparseness by advancing the
spiking phase of feedforward inhibition they provide to KCs as
the odor concentration increases (Assisi et al., 2007). Could GGN
instead play this role? We found the output phase of GGN re-
mains invariant with concentration, ruling out this mechanism
(Fig. 3E). However, GGN appears able to offset increasingly co-
incident input from PN in a different way: it counters increasing
firing in KCs by feeding back to them stronger inhibition (Fig.
3F) (Papadopoulou et al., 2011). Because strong IPSPs rise faster
than weak ones, rhythmic inhibition from GGN could regulate
the duration of integration windows.

Neurons of the LH have been proposed to mediate specific
responses to odorants that are innately meaningful to the animal
(Heimbeck et al., 2001; Jefferis et al., 2007). Some LHNs in Dro-
sophila express sex-specific transcripts of the fruitless gene impli-
cated in courtship behaviors (Yu et al., 2010). Further, recent
physiological work identified a cluster of neurons in the LH that
respond only to the pheromone 11-cis-vaccenyl acetate (Datta et
al., 2008; Ruta et al., 2010). These results suggest pheromones,
and possibly other odors involved in sexual behaviors (Grosjean
et al., 2011), may be processed by specifically tuned subpopula-
tions of LHNs (Jefferis et al., 2007; Touhara and Vosshall, 2009;
Yamagata and Mizunami, 2010). Whether the LH also provides
specialized pathways for specific odors processed by the general
(nonpheromonal) olfactory system has been unclear. In Drosoph-
ila, some anatomical evidence suggests stereotypy and clustering
in the projections of genetically labeled PNs in the LH (Tanaka et
al., 2004; Jefferis et al., 2007; Lin et al., 2007; Kazama and Wilson,
2009), but whether dendrites of LHNs are restricted to these clus-
ters remains controversial (Tanaka et al., 2004; Jefferis et al.,
2007). Nevertheless, the LH, in general, is thought to mediate
very specific responses to odors (Luo et al., 2010). Surprisingly,
we found in locust that all LHNs we tested (classes C1-C10)
responded to all odors. Our anatomical and electrophysiological
results show dense convergence of PNs onto LHNs (Fig. 4), pro-
viding no support for the idea that LHNs, in general, contribute
to a labeled line-like coding of innate preferences for specific
odors in the general olfactory system. It remains possible the LH
could mediate innate behaviors through specifically tuned neu-
rons we did not observe, by responding preferentially to catego-
ries of odors we did not test, or through another mechanism such
as the combinatorial coding scheme used by PNs (Laurent, 2002).

The great diversity of LHNs we observed suggests that the LH
may perform other sensory functions, though. Our observations
lead us to speculate about three possible roles: representing gen-
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eral odor properties such as intensity (Fig. 5), beginning bilateral
olfactory integration (Fig. 6A), and participating in multimodal
integration (Fig. 6 B,E). These possible functions could all con-
tribute to unlearned olfactory tasks such as odor tracking.
Hopfield (1995) proposed that phase coding may allow extremely
fast decoding of stimulus intensity by downstream cells. Class C3
neurons, which contain information about the odor concentra-
tion in their spike phases (Fig. 5A) and show bilateral projections
(Fig. 6AI), could assist in bilateral integration in the locust by
allowing rapid comparison of odor intensity across the midline, a
feature potentially important for odor tracking in some animals
(Martin, 1965; Rajan et al., 2006).

Previous work in Drosophila identified neurons connecting
the LH with different parts of the brain, including those serv-
ing other senses (Tanaka et al., 2004, 2008; Jefferis et al., 2007;
Rutaetal., 2010). We found several neurons that responded to
both visual and olfactory stimuli (Fig. 6 E), providing direct
evidence for multimodal responses in the LH. Behavioral
studies have shown that visual input contributes to odor track-
ing (Fryeetal., 2003). Thus, in addition to possibly integrating
input from the two antennae, neurons of the LH may mediate
integration of olfactory and visual cues for odor-tracking be-
haviors in insects (Duistermars and Frye, 2010). Our results
provide specific neuronal targets, from the variety of LHN
classes, for further investigation into mechanisms underlying
odor tracking. If the term “innate behaviors” can be used
broadly to encompass all memory-independent behaviors
such as odor tracking regardless of odor identity, our results
support the role of LH in these behaviors.
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