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Recurrent inhibition, wherein excitatory principal neurons stimulate inhibitory interneurons that feedback on the same principal cells,
occurs ubiquitously in the brain. However, the regulation and function of recurrent inhibition are poorly understood in terms of the
contributing interneuron subtypes as well as their effect on neural and cognitive outputs. In the Drosophila olfactory system, odorants
activate olfactory sensory neurons (OSNs), which stimulate projection neurons (PNs) in the antennal lobe. Both OSNs and PN activate
local inhibitory neurons (LNs) that provide either feedforward or recurrent/feedback inhibition in the lobe. During olfactory habituation,
prior exposure to an odorant selectively decreases the animal’s subsequent response to the odorant. We show here that habituation
occurs in response to feedback from PNs. Output from PNs is necessary for olfactory habituation and, in the absence of odorant, direct PN
activation is sufficient to induce the odorant-selective behavioral attenuation characteristic of olfactory habituation. PN-induced habit-
uation occludes further odor-induced habituation and similarly requires GABA ,Rs and NMDARs in PNs, as well as VGLUT and cAMP
signaling in the multiglomerular inhibitory local interneurons (LN1) type of LN. Thus, PN output is monitored by an LN subtype whose
resultant plasticity underlies behavioral habituation. We propose that recurrent inhibitory motifs common in neural circuits may

similarly underlie habituation to other complex stimuli.

Introduction

Spatiotemporal patterns of neuronal activity, which underlie per-
ceptual, cognitive, and behavioral outputs of nervous systems,
depend on the connectivity of coupled systems of excitatory and
inhibitory neurons (Buzsaki, 2010). One inhibitory motif rec-
ognized as a ubiquitous building block of neural architecture
mediates recurrent or feedback inhibition. Here, activity of an
excitatory principal neuron stimulates not only downstream ex-
citatory neurons but also inhibitory interneurons that feed back
onto the same principal cell to limit the duration and/or magni-
tude of its excitation (Isaacson and Scanziani, 2011). Most inhib-
itory feedback is mediated by local circuit interneurons (LNs)
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that do not form long-range connections between distant brain
regions. Single LN receive excitatory inputs from a large fraction
of principal cells in a given region and provide feedback inhibi-
tion onto a similar large fraction of principal cells (Fino and
Yuste, 2011). While recurrent inhibition is broadly required
for balancing excitation and inhibition (Lamsa et al., 2007;
Kullmann and Lamsa, 2011), many aspects of its regulation and
function remain to be clarified. In particular, the properties of LN
subtypes that mediate recurrent inhibition as well as their roles in
information processing and cognitive output are poorly under-
stood in vivo (Bazhenov and Stopfer, 2010; Isaacson and
Scanziani, 2011).

Compared with mammalian neural circuits, neurons of the
insect olfactory circuit (Fig. 1A) are relatively well identified and
their analysis provides insight into general coding principles and
computational logic of neural circuits (Masse et al., 2009; Su et al.,
2009; Bazhenov and Stopfer, 2010; Wilson, 2011). Olfactory sen-
sory neurons (OSNs) that express identical odorant receptors
project to the same glomeruli in the antennal lobe. An OSN class
that mediates CO, aversion expresses the Gr2la receptor and
projects to the V glomerulus to contact dendrites of the V projec-
tion neuron (VPN). In contrast, OSN subtypes that respond to
ethyl butyrate (EB) or 3-octanol express Or83b/Orco and synapse
onto a distinct projection neuron (PN) class marked by GH146
promoter expression. Both OSNs and PN either directly or in-
directly stimulate inhibitory and excitatory LNs that mediate
feedforward and recurrent inhibition in the antennal lobe (Fig.
1A) (Tanaka etal., 2009; Hu et al., 2010; Huang et al., 2010; Yaksi
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Figure 1.

Activation of olfactory projection neurons is necessary for odorant-selective short-term habituation. A, Schematic of the Drosophila olfactory circuit showing probable

feedforward (OSN-LN1) and feedback (PN—LNT—PN/PN—eLN—LN1—PN) connections. B, Response of naive and EB-exposed wild-type (Canton S) flies to EB and 3-octanol (3-Oct). EB
exposure causes a selective drop in response to EB, but not to 3-octanol at two (10 ~2and 10 —3) different concentrations. ***p < 001 (Student’s t test). , EB-induced habituation in
flies exposed to EB for 30 min (30”) at either room temperature or 32°C. Control +/UAS-Shi™’ flies show significant habituation at room temperature (ANOVA, ***F= 43.596, p < 0.001;
q = 12.334,p < 0.001, Student—Newman—Keuls test) and no significant difference between EB exposure at room temperature and 32°C. In contrast, experimental flies GH746 > Shi®’
flies show significant habituation at room temperature (***F = 85.016, p << 0.001; ¢ = 17.816, p < 0.001, Student—Newman—Keuls test), and a significant difference between EB
exposure at room temperature and 32°C (when dynamin function and presynaptic transmission from GH746 PNs is inhibited, * ¢ = 13.031, p < 0.001, Student-Newman—Keuls

test). Bars show mean = SEM. Raw Rl values and n values are provided in Table 1.

and Wilson, 2010). Individual LNs project to multiple glomeruli
in the antennal lobe and, like analogous cells in the mammalian
cortex, make inhibitory inputs onto a very large fraction of PNs
(Tanaka et al., 2009; Das et al., 2011).

We recently showed that cAMP-dependent plasticity of inhib-
itory transmission from the multiglomerular inhibitory local in-
terneurons (LN1) subtype of interneurons in the antennal lobe
mediates olfactory habituation (Das et al., 2011), a selective re-
duction in behavioral response to an odorant following sustained
exposure (Glanzman, 2011). We ask here whether short-term
olfactory habituation (STH) is: (1) driven by recurrent inhibition
and (2) mediated by its plasticity. Our findings suggest that
synapse-specific potentiation of recurrent inhibition onto active
PNs can account for odorant-selective habituation. We suggest
that similar potentiation of recurrent inhibition, if it occurred in
other brain regions, could underlie the ability of organisms to
habituate to a wide range of sensory experiences.

Materials and Methods

Drosophila stocks and culture. Stocks were maintained at 25°C on stan-
dard corn meal agar medium unless otherwise mentioned. Gal4 and
LexA stocks used are known to target specific cell types; however, these
could show low levels of expression in neurons outside the targeted tis-
sues considered. The stocks used were obtained either through stock
centers or as generous gifts from the following sources: VPN-Gal4 (X)
was obtained from Leslie Vosshall (Rockefeller University, New York,
NY), GHI146-Gal4 (II) was obtained from Reinhard Stocker (University
of Fribourg, Fribourg, Switzerland), UAS-dsNR1 (III) flies were from
Ann-Shyn Chiang (Cold Spring Harbor Laboratory, New York, NY),
UAS-RAIRNA®° (I11) was from Ron Davis (Baylor College of Medi-
cine, Houston, TX), UAS-TRPAI (1l or III) flies were obtained from Paul
Garrity (Brandeis University, Waltham/ Boston, MA), UAS-Shi"” I(x
and IIT) stock was obtained from Toshi Kitamoto (University of Iowa,
Towa City, IA), UAS-VGLUT RNAi (II) stock (VDRC 104324) and the
UAS-RutRNAi (IT) line (VDRC 101759) were from the Vienna Drosoph-
ila Research Centre, GH146-GAD:: LexA (I1) flies were from Tzumin Lee
(Janelia Farm), LexAop-TRPAI(III) flies were generated in our lab, and.
shakB? flies were obtained from Rachel Wilson (Harvard Medical School,
Boston MA).

Inducing and measuring olfactory habituation. Olfactory responses
were measured in sets of ~25-40 flies using the Y-maze apparatus as
described previously (Das et al., 2011). The response index (RI) was
defined as the fractional avoidance of an odorant-containing arm of
the maze compared with a control arm containing air (RI = N_4,, —

N,iv/Nyoar)- N equals the number of flies. For odorant-induced habit-

uation, 0—1/2-d-old flies were collected and aged to 2 d and starved
overnight on moist filter paper containing vials. The flies were pre-
tested for their naive response to 10 3 EB, then transferred to a clean
glass bottle containing an Eppendorf tube with a perforated lid con-
taining 5% EB diluted in paraffin oil. For inducing habituation by
direct PN depolarization, flies were collected and pretested for their
naive response to 10 3 EB or 5% CO,, then transferred to an incu-
bator that maintained a constant set temperature of 29°C for 30 min.
The relative response of the same flies after exposure to 29°C was used
to assess habituation. Behavioral experiments were done at room
temperature (22-24°C). ShakB? flies (and relevant controls) were
reared at a temperature of 18°C to increase their ability to climb the
Y-maze. Either ANOVA followed by Student-Newman—Keuls test or
Student’s ¢ test was used to estimate significance of all pairwise com-
parisons examined. Raw data and n values for the experiments are
provided in Table 1.

Conditional synaptic block experiments using UAS-Shi*'. For shibire
experiments, the flies expressing the UAS-Shi**’ transgene in appropriate
cells were initially tested for response to 10 ~? EB at room temperature.
To inhibit synaptic output from Shi"-expressing cells during exposure,
the flies were exposed for 30 min to 5% EB in a prewarmed bottle held in
an incubator at either 32°C or 34°C.

Dishabituation. For mechanically induced dishabituation, flies ha-
bituated to EB/CO, were vortexed for 1 min in a glass vial using a
Cyclomixer (Remi Equipments). To dishabituate flies using novel
olfactory stimuli, CO,-habituated flies were exposed to a strong pulse
of EB by putting them for 1 min in a glass bottle through which vapors
from a bottle containing bubbled 10 ~* EB solution was passed, and
EB-habituated flies were exposed to strong yeast odor in a cut-glass
bottle placed on a petridish containing yeast paste. The flies were
separated from the yeast by a nylon membrane.

Construction of LexAop-TrpAl transgenic flies. The UAS-hsp70-MCS-
SV40polyA region (flanked by BamHI1 sites) from the UAS-responding
cloning vector pUASTattB (obtained from K. Basler, Universitit Ziirich,
Switzerland) was excised and replaced by the LexAop-hsp70-SV40polyA
region (also flanked by BamH1 sites) from the LexA-responding cloning
vector LexAop (obtained from T. Lee, Janelia Farm, Ashburn, VA) to
generate LexAopattB. dTRPAI was excised from the pOX-dTRPA1 vector
(obtained from P. Garrity, Brandeis University, Boston, MA) by NotI/
Xbal restriction digest and inserted into the previously constructed Lex-
AopattB, resulting in LexAop-TRPAlattB. LexAop-TRPAlattB was
injected into the attP2 (IIT chromosome) landing site using ¢-C31 inte-
grase (Best Gene).

GCaMP imaging to examine TRPAI-induced neuronal excitation. The
Drosophila brain preparation and imaging techniques were as described
previously (Das et al., 2011). GCaMP-expressing cells were first imaged
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Table 1. Raw Rl of all genotypes in different experimental conditions
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Genotype Exposure Pretest response (n) [to odor] Posttest response (n) [to odor |
6 5%EB 0.73 % 0.02 (13) [10 33 0ct] 0.68 = 0.02 (13) [10 >3 0ct]
5%EB 0.51 = 0.01 (9) [10 ~230ct] 0.50 == 0.01 (9) [10 ~230ct]
5% EB 0.71 % 0.02 (18) [10 > EB] 038 =+ 0.01(18) [10 > EB]
ShakB? 5% EB 0.66 = 0.02 (9) [10 > EB] 0.50 =+ 0.03 (9) [10 "> EB]
(5> Shi®’ 59 EB at 25°C 0.66 = 0.02(8) [10 > EB] 0.34 = 0.02 (8) [10 > EB]
5% EB at 32°C 039+ 0.02 (8)[10 >8]
GH146 > Shi®’ 5% EB at 25°C 0.65 = 0.01(9)[10 > EB] 030 + 0.02 (5)[10 > EB]
59 EB at 32°C 0.56 = 0.02 (9) [10 3 EB]
(5> Shi*'! 5% EB at 25°C 0.68 = 0.02 (4) [10 > B] 030 + 0.02 (8) [10 > B]
5% EB at 32°C 034 +0.02(8)[10 > EB]
MB247 > Shi®' 59 EB at 25°C 0.69=0.02 (7) [10 > EB] 032 = 0.04 (6) [10 > EB]
5% EB at 32°C 039 =+ 0.03 (10) [10 > EB]
GH146 > TRPAT 29°C 0.72 % 0.03 (10) [10 > EB] 033 = 0.04 (10) [10 > EB]
VPN > TRPA1 29°C 0.65 = 0.03 (11) [10 > EB] 0.57 = 0.02 (11) [10 ~>EB]
GH146 > TRPA1/dsNRTRNA 29°C 0.74 = 0.03 (8)[10 > EB] 0.65 = 0.05 (9) [10 "> £B]
GH146 > TRPA1/RdIRNAI 29°C 0.64 = 0.01(9)[10 > EB] 0.54 +0.02 (10) [10 > EB]
GH146,LN1 > TRPAp1 29°C 0.68 = 0.02 (10) [10 > EB] 037 = 0.02 (7)[10 "> EB]
GH146,LN1 > VGLUT;TRPAT 29°C 0.69 = 0.02 (9) [10 > B] 0.60 = 0.02 (10) [10 > EB]
GH146,LNT > RutRNAi:TRPAT 29°C 0.67 == 0.01 (10) [10 > £B] 0.56 + 0.01 (11) [10 > EB]
ShakB?:GH146 > TRPA1 29°C 0.65 = 0.04 (9) [10 > EB] 0.58 = 0.03 (9) [10 3 EB]
VPN > TRPA1 29°C 0.70 == 0.03 (8) [5% (0, ] 0.30 = 0.02 (9) [5% €0, ]
GH146 > TRPAT 29°C 0.68 = 0.03 (9) [5% (0, ] 0.61 = 0.05 (10) [5% CO,]
VPN > TRPAT;dsNRTRNAI 29°C 0.64 = 0.02 (10) [5% C0, ] 0.57 = 0.02 (10) [5% C0,]
VPN > TRPAT;RAIRNA 29°C 0.70 = 0.02 (1) [5% C0,] 0.60 = 0.04 (12) [5% C0,]
+/TRPAT 5% EB 0.58 =+ 0.02 (9) [10 > EB] 0.26 + 0.01(8)[10 "> EB]
29°C 0.60 = 0.03 (8) [10 > EB] 0.56 = 0.03 (9)[10 3 EB]
5% EB + 29°C 0.64 = 0.04 (5)[10 > EB] 030 = 0.03 (9) [10 >8]
GH146 > TRPAT 5% EB 0.60 = 0.02 (8) [10 > EB] 0.26 + 0.02 (7)[10 "> EB]
29°C 0.57 = 0.03 (9) [10 > EB] 030 = 0.03 (9) [10 3 EB]
5% EB + 29°C 0.61 = 0.04 (10) [10 > EB] 0.23 + 0.03 (10) [10 > EB]
+/TRPAT 15% (0, 0.70 = 0.02 (6) [5% (0, ] 0.36 = 0.01(6) [5% €0, ]
29°C 0.64 = 0.01(8) [5% (0, ] 0.61 = 0.02 (7) [5% €0, ]
15% C0, + 29°C 0.62 = 0.02 (8) [5% (0, ] 0.28 = 0.03 (8) [5% €0, ]
VPN > TRPAT 15% (0, 0.67 = 0.02 (6) [5% (0, ] 0.40 = 0.01(8) [5% €0, ]
29°C 0.58 = 0.01(8) [5% (0, ] 0.36 = 0.01(9) [5% €0, ]
15 %C0,, + 29°C 0.61 = 0.02 (10) [5% C0,] 0.36 = 0.03 (1) [5% C0,]
GH146 > TRPAT 29°C 0.63 = 0.03 (10) [10 > EB] 030 +0.02(9)[10 *EB],0h
0.48 = 0.02 (9) [10 >EB], 1h
0.56 =+ 0.03 (9) [10 > EB],3.5h
VPN > TRPA1 29°C 0.59 = 0.02 (9) [5% (0, ] 0.19 = 0.01(8) [5% €0,],0h
0.36 = 0.02 (8) [5%€0,], 1h
0.52 = 0.03 (8) [5%(0,],3.5h
GH146 > TRPAT 29°C 0.60 = 0.02 (5)[10 "> EB] 0.24 +0.03 (7)[10 "> EB]
29°C + vortexing 0.55 = 0.02 (8) [10 > EB]
VPN > TRPA1 29°C 0.63 = 0.04 (7) [5% 0, ] 0.29 = 0.02 (8) [5% €0, ]
29°C + vortexing 0.56 = 0.03 (8) [5% (0, ]
GH146 > TRPA1 29°C 0.70 == 0.04 (6) [10 > EB] 0.40 = 0.03 (6) [10 > EB]
29°C + yeast puff 0.59 = 0.03 (6) [10 > EB]
VPN > TRPAT 29°C 0.62 = 0.02 (6) [5% (0, ] 0.28 = 0.01(6) [5% €0, ]
(

29°C + EB pulse

0.56 == 0.03 (6) [5% €0, ]

nis the number of sets done for each condition; values are + SEM. 3 Oct, 3-Octanol.

in a peltier-controlled dish at 22°C. The saline was then warmed to 28°C
within 2 min and the cells imaged again.

Results

PN output is necessary for odorant-selective olfactory
habituation

Drosophila exposed to either 5% EB or 15% CO, for 30 min show a
selectively reduced response to the respective odorant for approxi-
mately an hour after exposure (Das et al., 2011). This selectivity of
STH is apparent not only between EB and CO, (Das etal., 2011), an
atypical odorant conveniently sensed by a distinct glomerulus, but
also between EB and 3-octanol (Fig. 1B). Thus, flies exposed to 5%
EB for 30 min show no decrement in their response to 3-octanol

(Fig. 1 B). If excitation from OSNs were sufficient to drive habitua-
tion, then habituation would not require synaptic output from PNs
during initial odorant exposure. To test this hypothesis, we condi-
tionally blocked output from the EB-responsive GHI46 subset of
PN, engineered to express a dominant, conditionally mutant form
of dynamin (Shi) (Kitamoto, 2001). UAS-Shi*'/+;GH146-Gal4/+;
UAS- Shi*'/+ flies showed normal STH when exposed to EB at
room temperature (21-24°C), when dynamin-dependent synaptic
vesicle recycling should occur normally. However, these same flies
did not habituate when exposed at 32°C, a temperature at which
dynamin function would be inhibited (Fig. 1C). Thus, neurotrans-
mitter release from excitatory projection neurons is necessary for



7228 - ). Neurosci., May 23,2012 - 32(21):7225-7231 Sudhakaran et al.  Inhibitory Feedback Drives Olfactory Habituation

B
Ay
; 08
£ ‘ oS L o I
&b . 2 S o mNaive O 29°C 30
g » A K8 ¢ 02
A " %
$ A *GH146 >  GH146 > GCaMP; EB co, Co, EB
z i " GCaMP;  TRPA1 120
N " . @ 100
& ! c 80
E vl 08 °
& 1 Q 60 o
¢ w o _ 2
g 5 o ‘ g @
2 02 X 20
§ Cell bodies ° jl ° 0
VPN> VPN > GCaMP; GH146 > TRPAT VPN > TRPA1
& Naive w1 hr _ m29°C 30 m Naive @ 29°C 30’
C @0 hr 03.5hr D WNaive 029 °C 30' + Vortex E Yeast Odor O EB pulse
EB wwx Coz EB 2
120 - 120 120 - o o
r +++
o 100 @ 100 1 o 100 I
7]
c 80 - g 80 2 s ’
2 ) a
3 | o ] o ©
¢ 401 ¥ 40 & w0
X 20 E X 204
0 - 0 - 0 -
GH146 > TRPA1 VPN > TRPA1 GH146 > TRPA1 VPN > TRPA1

GH146 > TRPA1 VPN > TRPA1

Figure2. PNactivationis sufficient toinduce odorant-selective habituation. 4, GCaMP imaging to measure temperature-induced calcium fluxes in TrpA1-expressing projection neurons in the antennal lobe.
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(Student's t test). €, Time dependence of PN-induced habituation to either EB or CO,. ANOVA shows significant difference in response between naive and 29°C-exposed responses for GH146 > TRPAT flies
(***F = 85.321,p << 0.001,¢ = 20.075, p < 0.001, Student—Newman—Keuls test) and for VPN > TRPATflies (***F = 79.794, p < 0.001, ¢ = 19.598, p << 0.001, Student—Newman—Keuls test). Post hoc
testing shows a significant difference in EB/CO, response between 0- and 1-h-recovered GH 46 > TRPATflies (* g = 5.4,p < 0.001vs g = 6.885,p < 0.001) and VPN > TRPATflies (" g = 2.6885,
p << 0.001). EB/CO, response of 1- and 3.5-h-recovered showed significant difference for GH146 > TRPAT flies ( AMAG =10.291, p < 0.001) and VPN > TRPAT flies(*22¢ = 9.397, p < 0.001). D,
Mechanically induced dishabituation from GH746-induced habituation (left) and VPN-induced habituation (right). ANOVA showed a significant difference in response between naive and 29°C exposed flies for
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for VPN > TRPATflies (***F = 21.636,p << 0.001,q = 9.215,p << 0.001, Student—Newman—Keuls test). Post hoc testing of 29°C exposed flies versus 29°C exposed flies that were later exposed to either yeast
odor (GH146 > TRPAT) oran EB pulse (VPN > TRPAT) showed asignificant difference in response ( * g = 3.857,p << 0.03) for GH146 > TRPATand (" * g = 7.154,p < 0.001) for VPN > TRPA1. Bars show
mean = SEM. Raw Rl and n values for are provided in Table 1.
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>28°C causes direct activation of the targeted subset of PN, as
shown by GCaMP imaging of these neurons (Fig. 2A).

Thirty-minute exposure of GH146-Gal4/UAS-TRPAI flies to
29°C was sufficient to induce a reduction in the avoidance re-
sponse to EB but not to CO, (Fig. 2B). In contrast, similar acti-
vation of VPNs that project to the CO,-responsive V glomerulus
resulted in reduced olfactory avoidance to CO, but had no effect
on the EB response (Fig. 2 B). These data show that in the com-
plete absence of OSN stimulation, PN activation is sufficient to
induce a state that resembles odorant-induced olfactory habitu-
ation (Larkin et al., 2010; Das et al., 2011). Similar to odorant-
induced habituation, the PN-induced reduced olfactory
avoidance response recovered substantially after 1 h at room tem-
perature (Fig. 2C). In addition, this learned reduced avoidance
could be erased either by brief, intense mechanical stimulation
(Fig. 2 D) or by exposure to strong novel odorants (Fig. 2 E). Thus,
PN-induced habituation shows the basic characteristics of habitua-
tion: it is odor-selective, recovers over time, and, most critically, is
subject to dishabituation by different classes of dishabituating stim-
uli (Thompson and Spencer, 1966; Rankin et al., 2009). Moreover,
the observed phenomenon of dishabituation indicates that the re-
duced avoidance response is not due to neuronal fatigue, which
could potentially arise from prolonged PN stimulation.

The above experiments indicate that the odor-induced activa-
tion of OSNss is neither necessary nor sufficient to induce behav-
ioral habituation; in contrast, activation of PNs is both necessary
and sufficient to induce a habituated state. Given that OSN acti-
vation induces habituation by potentiating inhibitory LN trans-
mission in the antennal lobe (Das et al., 2011), the above data
point to a model in which habituation is driven by feedback from
PNs to LNs.

However, an alternative possibility is that PN-induced habit-
uation occurs through a distinct mechanism that involves circuit
elements downstream of the antennal lobe. We therefore per-
formed additional experiments to ask whether odorant- and
PN-induced habituation occurred through similar circuit
mechanisms.

PN feedback to LNs underlies olfactory habituation

Both EB- and CO,-induced habituation require NMDARs and
GABA, (Rdl) receptor function in PNs as well as the Rutabaga
adenylate cyclase, required for many forms of habituation in Dro-
sophila (Corfas and Dudai, 1989; Engel and Wu, 1996), and ve-
sicular glutamate transporter (VGLUT) in LNs (Das et al., 2011).
If PN-induced habituation occurs through the same circuit
mechanism, then we expected it to have similar molecular and
anatomical requirements.

Knockdown of either NMDARs or Rdl receptors in PNs using
previously validated transgenic RNAi constructs had the same
effect on PN-induced habituation as they did on odorant-
induced habituation. Knockdown of the NMDAR subunit NR1
through expression of UAS-dsNR1 in either the GH146 or VPN
subset of PNs expressing TRPA1 caused an odorant-selective
block in PN-induced habituation (Xia etal., 2005; Wu et al., 2007;
Dasetal., 2011). Thus, while 30 min of exposure to 29°C reduced
the CO, avoidance of VPN-Gal4/+;UAS-TRPA1/+ flies, it had
no effect on the CO, avoidance of VPN-Gal4/+;UAS-TRPAI/+;
UAS-dsNR1/+ animals. Similarly, the reduced EB avoidance of
GH146-Gal4/+; UAS-TRPA1/+ flies observed after heat expo-
sure was not evident in GHI146-Gal4/+; UAS-TRPA1/UAS-
dsNRI flies (Fig. 3A). Knockdown of GABA, receptors by
targeted expression of a UAS-RAIRNAi construct (Liu et al., 2007,
2009; Das et al., 2011) in PNs expressing TRPA1 also similarly
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Figure 4.  Use of a dual binary transcriptional system to show that cAMP signaling and

vesicular glutamate release in LNs s required for PN-induced habituation. Habituation observed
by EB exposure or GH146-PN activation are not additive, suggesting a shared circuit mechanism.
A, Schematic showing how expression of TRPA1 in PNs by combining GH746-GAD::LexA and
LexAop-TRPAT transgenes allows one to simultaneously use the Gal4 system to express UAS-
RNAitransgenes in LNs. B, GH146, LNT > TRPAT flies show habituation to EB after exposure to
29°Cfor 30 min while the GH146, LNT > vGLUTRNAi; TRPAT and GH146, LN > RutRNAi; TRPAT
flies do not. ***p << 0.001 (Student's t test). C, In GH746 > TRPAT flies, exposure to either 5%
EB, t0 29°C, or to both causes similar levels of habituation. For control +/TRPAT flies, ANOVA
shows significant difference between naive and EB-exposed flies (***F = 67.218, p << 0.007;
q = 14.389, p < 0.001, Student—Newman—Keuls test), but no significant difference between
naive and 29°C-exposed flies. EB + 29°Cand 29°C alone exposed flies also differ significantly
(***g=13.510,p < 0.001) but show no significant difference between EB -+ 29°Cand EB
alone. GH146 > TRPAT flies show a significant difference in response following either EB-
exposure (***F = 46.593,p < 0.001; ¢ = 12.688, p << 0.001, Student—Newman—Keuls test),
or 29°Cexposure (***q = 14.074, p << 0.001). No significant difference between EB + 29°C
and EB-exposure alone or between EB + 29°Cand 29°Cexposure was seen. Bars show == mean
SEM. Raw Rl and n values are shown in Table 1.

blocked habituation induced by exposure to 29°C for 30 min (Fig.
3B).In contrast, expression of a control UAS-AchRGFP transgene
had no effect on PN-induced habituation. Thus, neurotransmit-
ter receptors for glutamate and GABA, are required in PNs for
both odor- and PN-induced habituation. These data argue that
PN-induced habituation depends on GABAergic and glutama-
tergic signaling inputs onto PNs, probably in the antennal lobe
where all currently known inputs to PNs reside.

To more definitively establish that PN-induced habituation
occurs by recruiting a recurrent inhibitory pathway involving
LN1 neurons of the antennal lobe, we created transgenes that
allowed use of dual binary transcription systems: one system to
allow direct depolarization of the PNs, and the other to simulta-



7230 - J. Neurosci., May 23,2012 - 32(21):7225-7231

Sudhakaran et al.  Inhibitory Feedback Drives Olfactory Habituation

neously knockdown either rut or VGLUT A mNave WEB3ORT g mNave DEB30" (5 ®Nave D29°C 30
required in LNs for odor-induced habitu- ™ mEBD0I2°8 o a
ation (Fig. 4A) (Lai and Lee, 2006; Das et o 120
al., 2011). 9 § @ 100
Expression of a LexA-responsive TRPA1 §_ g 2
transgene (LexAop-TRPAI) in PNs driven @ 4 é *
by GH146-GAD:LexA (Lai and Lee, 2006) & = .
allowed the establishment of PN-induced & = ° 2:
EB habituation. However. this habituation +/Shitt  MB247 > Shi®t cs shakB? GH146>  shakB? ;GH146>
was greatly reduced when validated RNAi TREAL  “TREAT
constructs against either VGLUT or rutabaga Figure 5.  Olfactory habituation does not require MB output but requires shakB-encoded electrical synapses. A, EB-habituation in

activity were expressed in the LN1 class of
local interneurons (Das et al., 2011). Thus,
while GHI46-GAD::LexA,LNI-Gal4/+;
LexAop-TRPAI/+ flies show reduced EB
avoidance after 30 min of exposure to 29°C,
identically treated GHI46-GAD::LexA,
LNI1-Gal4/UAS-VGLUTRNAi;  LexAop-
TRPAI1/+ and GHI46-GAD::LexA,LN1- GAL4/
UAS-RutRNAi;LexAop-TRPA1/+ flies did not show an altered EB
response (Fig. 4 B). Thus, PN-induced habituation, with similar sig-
naling requirements in both PNs and LNs, has the same molecular
and anatomical requirements as odorant-induced habituation.

Together, these experiments establish that direct PN activa-
tion induces habituation by recruiting LNs, which in turn partic-
ipate in cAMP and NMDAR-dependent plasticity of LN-PN
synapses necessary for PN-induced habituation. The second ma-
jor conclusion that odorant- and PN-induced habituation occur
through the same circuit mechanism is supported by three lines
of evidence: (1) odor-induced habituation requires output from
PNs, which is inconsistent with an OSN-LN pathway for habit-
uation; (2) both require identical signaling components in LNs
and PNs; and (3) there is no additive effect when odor exposure
and PN activation are combined (Fig. 4C).

ShakB-encoded electrical synapses are required for

olfactory habituation

Recurrent inhibition from PNs to LN1 may occur either through
a direct excitation, or through an indirect pathway mediated
through either a recently identified centrifugal feedback pathway
from the mushroom body (MB) to LNs (Hu et al., 2010), or via
excitatory LNs (eLNs) in the lobe (Huang et al., 2010; Yaksi and
Wilson, 2010). We examined these possibilities.

The MB feedback pathway does not seem to be involved, given
that synaptic output from these neurons is not required during
odorant exposure. Thus, exposure of MB247 > UAS-Shi*’ flies to
EB at 32°C, which blocks neurotransmission from these neurons,
had no significant effect on habituation compared with genetic or
temperature controls (Fig. 5A).

To test the potential involvement of the PN—eLN-inhibitory LN
(iLN) pathway in habituation, we examined odor- and PN-induced
habituation in shakB” mutants in which electrical synapses between
eLNs and iLNs are disrupted (Fig. 5B, C) (Huang et al., 2010; Yaksi
and Wilson, 2010). Our observation that odor-exposed shakB’ or
temperature-exposed shakB’/Y; GH146Gal4/+;UAS TRPAI/+ flies
are defective for habituation shows a role for electrical synapses in
olfactory habituation and is consistent with a model in which recur-
rent inhibition onto PNs that is required for habituation is mediated
via the PN—eLN-LNI1 pathway.

Discussion
We conclude that PN excitation alone can drive plasticity in the
antennal lobe, independently of OSNs. We propose that this occurs

MB247 > UAS-Shi*" and +/UAS-Shi*' flies at conditions permissive and restrictive for Shi™’ function. Habituation is observed under all
conditions. ANOVA shows significant difference in EB responses of naive and EB exposed flies for control +/UAS-Shi*" and experimental
MB247 > UAS-Shi*" genotypes

(Control: ***F = 161.319, p << 0.001, ¢ = 22.823, p << 0.001, Student—Newman—Keuls test; Experi-

mental ***f = 34.415,p << 0.001, ¢ = 10.288, p << 0.001, Student—Newman—Keuls test). Habituation induced by odorant exposure at
32°Cwas not significantly different from that induced at room temperature. Similar observations were also made for MB247 > UAS-Shi*"
exposed at 34°C. B, C, Odorant exposure-induced and PN (GH146)-induced habituation are blocked in shakB? mutants (**p << 01). Bars
show mean == SEM. Raw Rl and n values are shown in Table 1.

through potentiation of recurrent inhibition. This recurrent inhibi-
tory pathway may be polysynaptic: e.g., PN—eLN-LN1-PN. How-
ever, the requirement for cAMP, GABA, and glutamate signaling
components in LN1 neurons indicates that these inhibitory neurons,
which synapse directly onto PNs (Tanaka et al., 2009), undergo plas-
ticity required for habituation. Although inhibitory LN 1s connect to
a large fraction of PNs, we propose that a subset of inhibitory syn-
apses onto active PNs are selectively strengthened during prolonged
PN activity. The resulting synapse-specific enhancement of recur-
rent inhibition underlies odorant-selective olfactory habituation
(Stopfer and Laurent, 1999; Bazhenov et al., 2005; Das et al., 2011).
The observation that PN activity, rather than OSN activity, is
the driver for olfactory habituation is consistent with observa-
tions in other biological systems, where others have argued that it
is useful to modulate a system’s input sensitivity based on feed-
back from its functional output, rather than on levels of input
(Alon, 2006). In the case of the olfactory system, the dynamic
pattern of the odorant-evoked PN ensemble activity may provide
a less noisy and more highly specified odor representation than
the corresponding pattern of OSN activity (Laurent, 2002; Wil-
son and Mainen, 2006; Su et al., 2009; Gupta and Stopfer, 2011).
Therefore, the distinctive pattern of feedback excitation from
PNs onto LNs would more precisely specify a given odorant than
the pattern of feedforward OSN excitation. In addition, a PN-LN
pathway that allows OSNs to remain on-line after habituation
makes it easier for attentional or emotional inputs to signal dis-
habituation. A PN-LN pathway for habituation is consistent with
previous electrophysiological and/or calcium-imaging studies,
which report plasticity of odor-evoked PN responses without
corresponding changes in OSNs (Stopfer and Laurent, 1999;
Devaud et al., 2001; Sachse et al., 2007). Not only does feedback
from PNis initiate habituation (Fig. 1), but its potentiation at the
step of LN-PN transmission underlies the reduced response of
the olfactory system to the familiar odorant (Das et al., 2011).
Indeed, plasticity of inhibitory feedback, which allows the sensi-
tivity levels of a system to be tuned in response to its recent history,
appears as a frequent regulatory motif in the design of adaptive sys-
tems. Similar plasticity of feedback inhibition is used in many engi-
neering and biological systems: for example, thermostats of room
heaters, methylation in bacterial chemotaxis, and phophatase con-
trol of the MAPK kinase pathway (Bhalla et al., 2002; Alon, 2006).
A significant feature of our proposed mechanism for olfactory
habituation is that it is theoretically transferrable to other sys-
tems. Unlike sensory neurons, which are unique in that they do
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not receive synaptic inputs, PNs are conceptually similar to prin-
cipal neurons in other parts of the brain in terms of their role in
information coding as well as their regulation by feedforward and
recurrent inhibition. In much the same manner that an ensemble
of PN activity is postulated to represent an odorant (Laurent,
2002; Wilson and Mainen, 2006; Su et al., 2009), ensembles of
principal neurons activity are thought to represent more complex
cognitive percepts (Buzsiki, 2010). Importantly, in both cases,
the ensemble of active principal neurons turns on a correspond-
ing pattern of inhibitory feedback mediated by GABAergic neu-
rons (Isaacson and Scanziani, 2011).

We propose a synaptic learning rule to account for olfactory ha-
bituation in the antennal lobe: namely, that the LN1 presynapse is
facilitated when its postsynapse is strongly depolarized at the same
time the presynapse is active. There is evidence for such Hebbian
potentiation of inhibitory synapses in other systems (Fischer and
Carew, 1993; Bazhenov et al., 2005; Nugent et al., 2007; Fernandez et
al.,2009; Rath etal., 2011). If this rule, which we propose for GABAe-
rgic synapses in the fly antennal lobe, were to be applied in other
brain regions, then one would predict that persistent activity of a
given ensemble of principal cells would result in synapse-specific
strengthening of inhibitory inputs made onto these principal cells
(Bazhenov et al., 2005; Das et al., 2011; Glanzman, 2011).

Habituation to continuous, unreinforced exposure occurs to
either simple or complex percepts (Thompson and Spencer,
1966; Glanzman, 2009). We suggest that the selective potentia-
tion of feedback inhibition onto persistently active principal neu-
rons may be an elegant, frequently relied on solution for the
ubiquitous but poorly understood phenomenon of habituation.
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