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SUMMARY

Delta/Serrate/Lag2 (DSL) ligands and their Notch
family receptors have profound and pervasive roles
in development. They are also expressed in adult
tissues, notably in mature neurons and glia in the
brain, where their roles are unknown. Here, focusing
on the sense of smell in adult Drosophila, we show
that Notch is activated in select olfactory receptor
neurons (ORNs) in an odorant-specific fashion. This
response requires olfactory receptor activity and
the Notch ligand Delta. We present evidence that
Notch activation depends on synaptic transmission
by the ORNs in which the receptors are active and
is modulated by the activity of local interneurons in
the antennal lobe. It is also subject to regulatory
inputs from olfactory receptor activity in other
ORNs. These findings identify a correlate of stim-
ulus-dependent brain activity and potentially new
forms of neural integration and plasticity.

INTRODUCTION

Notch family receptors are single-pass transmembrane proteins

that mediate intercellular communication in metazoans. In

canonical Notch signaling, Notch is activated by transmembrane

ligands of the Delta/Serrate/Lag2 (DSL) family. DSL ligands func-

tion by inducing sequential cleavages of the juxtamembrane and

transmembrane domains of Notch, allowing the Notch cytosolic

domain to gain access to the nucleuswhere it acts as a transcrip-

tional coactivator. Thus, Notch proteins alter cell behavior in

response to membrane tethered DSL signals by acting directly

to regulate the transcription of downstream target genes. DSL-

Notch signaling constitutes a mechanism for the control of cell

fate and pattern throughout animal development (reviewed in

Greenwald, 1998; Kopan and Ilagan, 2009; Lai, 2004; Louvi

and Artavanis-Tsakonas, 2006).

In addition to their many, diverse roles in development, Notch

and DSL proteins are also found in the adult brain, in terminally

differentiated neurons as well as glia (reviewed in Louvi and Arta-

vanis-Tsakonas, 2006). Such observations have long posed the

question of whether DSL-Notch signaling plays significant roles

in the functioning of the mature brain, and if so, what these roles

might be. The general capacity of DSL-Notch signaling to amplify
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small differentials in other signaling inputs to alter cell behavior is

particularly intriguing. Within the context of brain function, such

amplification could serve any number of purposes in neural feed-

backs circuits that modulate perception or behavior. Indeed,

recent findings are consistent with the possibility that Notch

activitymay influencesynaptic structure andmemory (Berezovska

et al., 1999;Conboyet al., 2007;Costa et al., 2003;Dahlhaus et al.,

2008; Ge et al., 2004; Matsuno et al., 2009; Presente et al., 2004;

Sestan et al., 1999; Wang et al., 2004a). However, none of these

studies have allowed direct visualization of the effects of neural

activity on the pattern of DSL-Notch signaling in the brain, nor

have they indicated how such signaling might alter brain function.

Here, we have adapted an in vivo assay for transmembrane

cleavage of Notch (Lecourtois and Schweisguth, 1998; Struhl

and Adachi, 1998) to monitor DSL-Notch signaling in the intact

Drosophila brain. This assay entails the expression of chimeric

forms of Notch in which the cytosolic domain is replaced by

either the Gal4-VP16 or LexA-VP16 transcriptional activator.

Cleavage and nuclear import of such heterologous transcription

factors is strictly ligand dependent and can be visualized in the

intact animal by assaying for the expression of appropriate

reporter proteins such as GFP.

Applying this approach,we find that Notch is activated in olfac-

tory, gustatory, and auditory peripheral neurons in adult flies as

revealed by striking patterns of GFP fluorescence in their axonal

projections. Concentrating on the olfactory receptor neurons

(ORNs), we find that long-term exposure to different odorants

leads to elevated Notch activity in distinct constellations of

ORNs, demonstrating that environmental stimuli modulate the

pattern of Notch activity in the brain. Activation of Notch depends

on odorant receptor activity as well as on signaling by the DSL

ligand Delta. It also depends on synaptic transmission by the

ORN and is modulated by the activity of local interneurons in

the antennal lobe. Finally, Notch activation in any given popula-

tion of ORNs depends on olfactory receptor activity in other

ORNs, indicating that it reflects cross-talk between different

ORN populations. Thus, DSL-Notch signaling in ORNs appears

to represent a newcorrelate of stimulus-dependent brain activity,

potentially involved in neural processing of sensory input.

RESULTS

Monitoring Notch Activation in the Adult Nervous
System of Drosophila

We have adapted an in vivo assay for transmembrane cleavage

of Notch (Lecourtois and Schweisguth, 1998; Struhl and Adachi,
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Figure 1. The Olfactory Environment Modu-

lates the Pattern of Notch Activation

(A) N-GV and N-LV assays for Notch activation.

Binding of Delta to the ectodomain of Notch-

GAL4-VP16 (N-GV, upper) and Notch-LexA-

VP16 (N-LV, lower) proteins induces juxtamem-

brane (S2) followed by intramembrane (S3)

cleavages, releasing GAL4-VP16 and LexA-VP16

from the membrane, allowing them to activate

transcription from UAS.dGFP and LexOP.dGFP

reporters in the nucleus. dGFP encodes a destabi-

lized form of GFP. See also Figures S1A and S1B.

(B) Visualization of Notch activity in the adult brain

using the N-GV system. N-GV UAS.dGFP/+

(‘‘NGV > dGFP’’) flies were raised on cornmeal

food supplemented with molasses as a sugar

source. dGFP can be detected in the D glomerulus

in the antennal lobe (AL), in the antennal nerve

(AN), and in neurons that project to the subeso-

phageal ganglion (SOG). Here, and in all of the re-

maining figures, glomerular morphology has been

visualized using nc82 antisera directed against

Bruchpilot, a presynaptic marker (Wagh et al.,

2006). Glomeruli were identified using the maps

of Stocker et al. (1990) and Couto et al. (2005).

Neuronal cell bodies are stained with anti-ELAV.

AL neurons mediate olfaction, gustatory neurons

project to the SOG (Wang et al., 2004b) and John-

ston’s organ neurons project through the AN to the

antennomechanosensory center (Sivan-Loukia-

nova and Eberl, 2005). See also Figure S1C.

(C–F) N-GV UAS.dGFP/+ flies raised to eclosion and then aged for 4 days on cornmeal food supplemented with dextrose or molasses as a sugar source (hence

forth ‘‘dextrose’’ or ‘‘molasses’’ food) were transferred for 4 days to food with the same sugar source (C and D) or to standard food with the other sugar source

(E and F). The pattern of dGFP accumulation in response to dextrose food differs from that in response to molasses; changing the food source causes a corre-

sponding change in the dGFP response. Here, and in subsequent figures, the results are also depicted in cartoon form using a standard diagram of left and right

antennal lobes, with relevant glomeruli indicated by color (as in the color key): solid coloring indicates a positive dGFP response, and colored dotted outlines

indicate a negative response. Some glomeruli (e.g., DC3 in this panel) are located beneath the plane of focus shown in the cartoon and hence do not correspond

with the black outlines depicting the morphology of the glomeruli located at the surface of the antennal lobe.
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1998) to monitor DSL-Notch signaling in the intact Drosophila

brain. This assay entails the expression of chimeric forms of

Notch in which the cytosolic domain is replaced by either the

Gal4-VP16 (N-GV) or LexA-VP16 (N-LV) transcriptional activator

under the control of the Tubulina1 promoter (Basler and Struhl,

1994) which is active in most or all cells (Figure 1A). Cleavage

and nuclear import of such heterologous transcription factors

is strictly ligand dependent and can be visualized in the intact

animal by assaying for the expression of appropriate reporter

proteins such as GFP. We used UAS and LexOP reporters that

express a destabilized form of GFP, dGFP, to increase the likeli-

hood that reporter protein accumulation reflects the recent level

of Notch activation. When assayed in the imaginal wing disc,

both N-GV and N-LV systems yield patterns of dGFP expression

that are similar to those of standard Notch reporters (see Fig-

ure S1A), and both are Presenilin dependent (Figure S1B),

corroborating previous evidence that these assay systems are

bona fide indicators of ligand-dependent Notch activity (Lecour-

tois and Schweisguth, 1998; Struhl and Adachi, 1998). The N-LV

assay system appears to recapitulate the expected pattern of

Notch activity more extensively than the N-GV system (Fig-

ure S1A), suggesting that it is the more sensitive of the two.

Using either the N-GV or N-LV system, we detect dGFP accu-

mulation in the axons of three sensory systems that innervate the
adult brain: those that mediate smell, hearing, and taste (Fig-

ure 1B). As we observed in the wing disc, the level of dGFP

appears generally higher for the N-LV response: using the

N-LV system, we can detect dGFP in additional brain neurons,

as well as in glia, not seen using the N-GV assay (e.g., Figure 6;

see also Figure S2). We focus on Notch activation in the olfactory

system because this system is well characterized and easy to

manipulate.

Distinct Patterns of Notch Activation in Olfactory
Receptor Neurons in Response to Different Food
Sources
Flies detect odorants via the activation of around 60 distinct

subpopulations of olfactory receptor neurons (ORNs) that deco-

rate the antenna and maxillary palps. For the most part, each

ORN subpopulation is defined by the expression of a single

olfactory receptor and extends axons to a single, morphologi-

cally identifiable glomerulus in the antennal lobe where they

synapse with local interneurons (LNs) and second order projec-

tion neurons (PNs) (Gao et al., 2000; Hallem and Carlson, 2006;

Vosshall et al., 2000).

Both N-GV and N-LV flies maintained on standard cornmeal

food, with dextrose as the sugar source, show strong dGFP

accumulation in a few glomeruli (principally D, VA3, DC3, DC2
Neuron 69, 468–481, February 10, 2011 ª2011 Elsevier Inc. 469



Figure 2. Notch Is Activated in Response to

Defined Odors

N-GV/UAS.dGFP flies raised to eclosion and aged for

4 days on dextrose food were exposed for 4 days to

different concentrations of geranyl acetate diluted in

paraffin oil (A–D), or to atmospheric CO2 (0.03%) (E) or

1%CO2 for 3 days (F). Exposure to geranyl acetate results

in dGFP accumulation predominantly in the VA6 glomer-

ulus and exposure to CO2 results in predominant dGFP

accumulation the V glomerulus. All brains in (A)–(D) were

processed at the same time and imaged at the same

microscope settings. To ensure that the geranyl acetate

signal was in the linear range, the settings were such

that the Notch food response is not visible.
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and VA6; Figure 1C). Comparison of this pattern with that seen

by driving dGFP expression with ORN, LN, PN, or glia-specific

Gal4 drivers confirms that N-GV and N-LV are being activated

in ORNs (data not shown). Further confirmation was obtained

by directly colocalizing N-GV dependent GFP expression with

specific OR reporter transgenes in antennae (Gr21a.dsRed and

OR82a.dsRed; Figure 3A and data not shown) and by killing

specific ORNs with diphtheria toxin (data not shown). As can

be seen in Figure S1C, endogenous Notch is expressed in

ORNs. Given the relative ease with which individual glomeruli

can be identified, we use dGFP accumulation in axons inner-

vating glomeruli rather than in cell bodies in antennae in most

of the following experiments.

When flies were maintained on an alternative food source with

molasses rather than dextrose as the sugar source, dGFP accu-

mulated in a distinct, albeit overlapping, subset of ORNs and

associated glomeruli (in D to high levels, and occasionally in other

glomeruli such as VM2 as seen in Figure 1D). Given that the food

olfactory environment is complex, it is noteworthy that the pattern

of Notch activation we detect is sparse. A similarly sparse

response to complex (natural) odorant environments has been

observed using intrinsic signal imaging in rodents, by ensemble

electrophysiology in moths and by calcium imaging in flies (Lin

et al., 2006; Riffell et al., 2009; Semmelhack and Wang, 2009).

The different patterns of Notch activation observed on

‘‘dextrose’’ and ‘‘molasses’’ food are not irreversibly fixed.

Instead, transferring the flies from one food to the other results

in a corresponding change in the pattern of dGFP accumulation
470 Neuron 69, 468–481, February 10, 2011 ª2011 Elsevier Inc.
within four days (Figures 1E and 1F). Thus,

Notch activation in ORNs depends on the olfac-

tory environment and can generate distinct,

stereotyped transcriptional responses to given

odorant ensembles.

Distinct Patterns of Notch Activation
in Response to Defined Odorants
Several laboratories have identified the ORNs

that are activated by transient puffs of specific

odors (de Bruyne et al., 2001; Hallem and Carl-

son, 2006; Hallem et al., 2004; Suh et al., 2004;

Wang et al., 2003). Two such odors, geranyl

acetate and CO2, evoke dedicated responses:
geranyl acetate principally activates Or82a receptor expressing

ORNs, which project to VA6 (Couto et al., 2005; Fishilevich and

Vosshall, 2005), and CO2 activates Gr21a receptor expressing

ORNs that project to V (Couto et al., 2005; Scott et al., 2001;

Suh et al., 2004). We asked if each of these odors elicits a Notch

response in the appropriate dedicated population of ORNs.

N-GV flies were maintained for at least three days in the pres-

ence of geranyl acetate or CO2. As shown in Figure 2, both odor-

ants altered the pattern of dGFP accumulation relative to that of

controls, and each induced high levels of dGFP accumulation in

the same glomerulus that responds in transient physiological

assays: i.e., in VA6 (Figures 2A–2D) and V (Figures 2E and 2F),

respectively. Further, the response is dose dependent (Figures

2A–2D; data not shown).

Thus, for both geranyl acetate and CO2, prolonged exposure

to odorant activates Notch in the same ORNs that show a phys-

iological response to transient exposure.

Kinetics of Notch Activation in Response to Odorant
The ORN response to puffs of odorants as measured electro-

physiologically or by Ca2+ imaging occurs in milliseconds. In

contrast, our standard assay involves exposing flies to odorants

for at least 3 days before assaying dGFP accumulation in

glomeruli. To assess the minimum time required to elicit a Notch

response in ORNs, we asked how quickly Gr21a-expressing

ORNs respond to CO2 exposure. To reduce any time delay in de-

tecting the GFP signal, we used a UAS.GFP NLS reporter

(encoding a stable, nuclear localized form of GFP, rather than



Figure 3. Kinetics of Notch Activation in

Response to Increasing or Decreasing

Exposure to CO2

(A and B) N-GV/Gr21a.dsRed; UAS.GFP/+ flies

were raised to eclosion and aged on dextrose

food for 4 to 7 days, then shifted to agar and

exposed to 5%–10% CO2 for the indicated time

periods. The nuclear GFP (green) and dsRed

(magenta) fluorescence were visualized in whole

mount antennae (coincident fluorescence appears

white); note that some non-Gr21a expressing

ORNs have accumulated GFP, presumably in

response to other odorants (A). The depicted

72 hr antenna was exposed to 7% CO2. All other

images of CO2 exposed antennae are from flies

exposed to 5% CO2. The graph (B) depicts box

plots of the % Gr21a.dsRed cells that expressed

GFP at the indicated times of exposure and %

CO2 (in parentheses). Here and in all box plots pre-

sented below, the horizontal line in the box is the

median of the entire data set; the lines at the top

and bottom of the box are the medians of the

higher and lower 50%, respectively; the whiskers

at the top and bottom are the maximum and

minimum values excluding the outliers (dots),

which are more than 3/2 times the upper quartile

or less than 3/2 times the lower quartile. The

Mann-Whitney test was applied to data from pairs

of time points. ns, not significant; *p% 0.05; **p%

0.01; ***p % 0.001. The number of samples

analyzed was as follows: 0 hr, 17; 6 hr (5%), 12;

6 hr (10%), 19; 12 hr (5%), 11; 18 hr (5%), 14;

24 hr (5%), 18; 24 hr (7%), 19; 72 hr (7%), 13.

(C) As in (A), except that N-GV UAS.dGFP/+ flies

were used, and exposed to 5% CO2 on dextrose

food for 3 days. Flies were removed from CO2 for

the indicated lengths of time, and the Notch

response assayed by quantitating dGFP accumu-

lation in the V glomerulus. The graph depicts box

plots of the integrated density of fluorescence in

V. The number of samples analyzed was as

follows: 0 days, 32; 1 day, 28; 2 days, 28; 3 days,

23; 4 days, 26; no CO2, 17.
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dGFP) and assayed for the response in nuclei of Gr21a express-

ing ORNs (identified by coexpression of a Gr21a.dsRed trans-

gene) to avoid any time lag required for GFP to diffuse down

ORN axons.

At normal ambient levels of CO2 (0.03%), the great majority of

Gr21a-expressing ORNs are devoid of GFP (Figure 3A; 0 hr).

Following exposure to 5% CO2, we first detect a significant

increase in the percentage of GFP-positive Gr21a-expressing

ORNs between 6 and 12 hr, after which the percentage rises

rapidly to near peak levels by 24 hr (Figures 3A and 3B). By

72 hr, GFP accumulation is apparent in most (>85%) of

Gr21a.dsRed-expressing ORNs (Figure 3B).

To assess the rate at which the Notch response decays upon

removal of odorant, we exposed N-GV UAS.dGFP flies to 5%

CO2 for 3 days, transferred them to normal ambient CO2 condi-

tions, and monitored how long dGFP persists in the V glomer-

ulus. As shown in Figure 3C, median Notch activity is reduced

41% by 1 day and 64% by 2 days after odor removal. Thus,

high levels of Notch activity are tightly coupled to odor exposure.
Notch Activation by Odorants Depends on the DSL
Ligand Delta
To determine whether odorant evoked Notch activation in ORNs

is dependent on DSL signaling, we assayed N-GV and N-LV

responses to geranyl acetate and CO2 under conditions in which

DSL signaling is limiting. Only two DSL ligands, Delta and

Serrate, have been identified in Drosophila (D’Souza et al.,

2008; Kopan and Ilagan, 2009), and only Delta appears to be

abundantly expressed in the adult head (data not shown).

Because Delta is required during development, we reduced

Delta activity in adults by using a transheteroallelic combination

of two temperature sensitive Delta mutations, DlRF (Parks and

Muskavitch, 1993; Parody and Muskavitch, 1993; Xu et al.,

1992) and a stronger allele, Dl6B (Lehmann et al., 1983; Parks

and Muskavitch, 1993). Flies were raised to adulthood at the

permissive temperature, 18�C, and then shifted to the restrictive

temperature, 30�C, 1 day prior to, and for the duration of, expo-

sure to odorant. For CO2, induction of dGFP accumulation using

either the N-GV (Figures 4A–4D) or N-LV system (Figure S2) was
Neuron 69, 468–481, February 10, 2011 ª2011 Elsevier Inc. 471



Figure 4. Notch Activation in Response

to Odor Is Delta Dependent

(A–D) N-GV UAS.dGFP/+ flies that are

genotypically +/+, DlRF/+, Dl6B/+, or DlRF/Dl6B,

were raised at 18�C on molasses food and shifted

to dextrose food upon eclosion. Flies were aged at

18�C for 5–6 days and then shifted to 30�C for

1 day prior to exposure to 5% CO2 on agar at

30�C for 3 days. The dGFP response is reduced

progressively in the weaker DlRF/+ and stronger

Dl6B/+ genotypes, and is absent in DlRF/Dl6B trans-

heterozygotes. See also Figure S2.

(E–H) N-GV UAS.dGFP/+ flies that are

genotypically +/+ (E and F) or DlRF/Dl6B (G and

H) were raised and aged as in (A)–(D). Flies were

then shifted to 30�C for 4 days, shifted back to

18�C for 1 day and exposed to 5% CO2 on agar

at 18�C for 3 days. The dGFP response is

restored upon return to the permissive tempera-

ture.

(I) The graph presents an experiment analogous

to that shown in (A)–(D), except the flies were

exposed to a 1:1000 dilution of geranyl acetate,

rather than 5% CO2. The box plots depict dGFP

accumulation in the VA6 glomerulus. The results are the same as for CO2, except that there is no significant decline in the geranyl acetate response in the

weaker DlRF/+ genotype. The number of samples analyzed was wt, 20; DlRF/+, 22; Dl6B/+, 14; DlRF/Dl6B, 16.
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reduced by heterozygosity for each of the two Dl alleles (more

severely for the stronger allele) and abolished for the transheter-

ozygous Dl6B/DlRF condition. Similar results were obtained for

geranyl acetate, using the N-GV system, except that we could

not detect an effect of heterozygosity for the weaker allele,

DlRF, and the response was severely reduced, but not abolished,

in the transheterozygous condition (Figure 4I).

To confirm that the loss of Notch activation is due to lowered

Delta function in adults and not a consequence of inadequate

Delta activity during development, we repeated the CO2 experi-

ment using the N-GV assay for the DlRF/Dl6B genotype, only this

time shifting the flies back to 18�C after incubation at 30�C and

assaying dGFP accumulation after an additional 4 days. Shifting

down to the permissive temperature restored dGFP accumula-

tion in the V glomerulus (Figures 4E–4H). We conclude that

odorant inducedactivation ofNotch inORNs requiresDSL signal.

Notch Activation Depends on Odorant Receptor Activity
To determine if odor-induced elevations in Notch activity depend

on activity of the olfactory receptors expressed in the responding

ORNs, we used an available null mutation in the gene encoding

the Or43b receptor (Elmore et al., 2003), which responds to ethyl

butyrate in electrophysiological assays and is expressed in ORNs

that project to the VM2 glomerulus (Couto et al., 2005; Fishilevich

and Vosshall, 2005; Hallem and Carlson, 2006). When we expose

wild-type flies or flies that are heterozygous for the Or43b muta-

tion to ethyl butyrate, we detect strong accumulation of dGFP in

VM2 (Figure 5A and data not shown). In contrast, we cannot

detect dGFP accumulation in VM2 when we expose homozygous

Or43bmutant flies to ethyl butyrate (Figure 5B). Thus, induction of

the Notch response to ethyl butyrate in OR43b expressing ORNs

requires activity of the OR43b receptor.

The ethyl butyrate response is, however, more complex than

the geranyl acetate and CO2 responses, in that it induces elec-
472 Neuron 69, 468–481, February 10, 2011 ª2011 Elsevier Inc.
trophysiological responses in several different classes of ORNs

(in addition to Or43b-expressing ORNs) (Hallem and Carlson,

2006). When we expose wild-type flies to ethyl butyrate, we

detect accumulation of dGFP in two of these classes of ORNs,

those that project to glomeruli DM5 and DM6 (Figure 5A). We

also detect food induced Notch activation, albeit at low levels,

in ORNs that project to VA6 and D (Figure 5A). Strikingly, the

failure of Or43b mutant ORNs to activate Notch in response to

ethyl butyrate appears to be coupled to an increase in the accu-

mulation of dGFP in DM5, DM6, VA6, and D (Figure 5B). Hence, it

appears that activation of Or43b ORNs by ethyl butyrate nor-

mally suppresses Notch activation that would otherwise occur

in ORNs that innervate DM5, DM6, VA6, and D.

As a further test of the requirement for odorant receptor

activity in evoking the Notch response, we used an Or43b >

Or82a transgene to ectopically express the Or82a (geranyl

acetate) receptor in place of the missing Or43b (ethyl butyrate)

receptor in Or43b mutant ORNs. In wild-type flies (Figures 2A–

2D), as well as in OR43bmutant flies (Figure 5C), Or82a-express-

ing ORNs exhibit the primary Notch response to geranyl acetate,

as visualized by the strong accumulation of dGFP in VA6 (Fig-

ure 5C); no dGFP accumulation is detected in VM2, the glomer-

ulus normally innervated by Or43b expressing ORNs. In contrast

when Or43b mutant flies that carry the Or43b > Or82b transgene

are exposed to geranyl acetate, dGFP accumulation can now be

detected in VM2 aswell as in VA6 (Figure 5F). As expected, these

flies show no Notch activity in VM2 when exposed to ethyl buty-

rate (Figure 5E). Thus, odorant induced activity of the ectopic

Or82a receptor is sufficient to evoke Notch activation in mutant

Or43b ORNs lacking the Or43b receptor.

We note that in contrast to simple OR43b mutant flies (Fig-

ure 5B), OR43b mutant flies that ectopically express Or82a in

OR43b neurons show no dGFP accumulation in VA6 or DM6 in

response to ethyl butyrate (Figure 5E). Perhaps the presence



Figure 5. Notch Activation in Response

to Odor Requires Odorant Receptor

(A and B) Wild-type (A) and Or43b� (B) flies, that

are also N-GV/UAS.dGFP, were raised and main-

tained on dextrose food for 3 to 5 days and then

exposed to a 1:100 dilution of ethyl butyrate for

4 days. Note the absence of the ethyl butyrate

response in VM2 in Or43b mutants, as well as

the increase in dGFP accumulation in VA6, DM5,

DM6, and D compared to the wild-type control.

(C) Or43b– flies, that are also N-GV/UAS.dGFP,

were exposed to a 1:100 dilution of geranyl

acetate. Predominant dGFP accumulation is in

VA6, as in control (wild-type) flies (Figure 2A).

(D–F) Or43b– flies carrying the Or43b.Or82a trans-

gene (Or43b�; 43b > Or82a), as well as N-GV and

UAS.dGFP, were exposed to paraffin oil (D), or to

1:100 dilutions of ethyl butyrate (E) or geranyl

acetate (F). Ectopic expression of the Or82a

receptor in Or43b ORNs innervating VM2 is asso-

ciated with an ectopic dGFP response to geranyl

acetate in VM2 (F), but no rescue of dGFP accu-

mulation in VM2 in response to ethyl butyrate (E).

Similarly, it is associated with the loss of the prom-

inent dGFP response seen in VA6 and DM6 in

Or43b mutant (B), but not wild-type flies (A).
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of the ectopic Or82a receptor allows for spontaneous firing in the

OR43b neurons that suppresses Notch activation in the OR82a

and Or67a expressing ORNs.

In sum, these experiments establish that activity of the resi-

dent olfactory receptor in a given ORN is necessary, and in

some cases sufficient, to induce Notch activity in the same

ORN. At the same time, they also show that the Notch response

to olfactory receptor activity in any given ORN population can be

modulated by olfactory receptor activity in other populations.

Notch Activation by Odorants Depends on Synaptic
Transmission by the Responding Olfactory Receptor
Neurons
In the case of OR43b ORNs, long term exposure to odorant

elevates Notch activity by activating the resident odorant

receptor, whether endogenous OR43b or ectopically expressed

OR82a. Yet, in canonical Notch signaling, Notch is activated in

trans by Delta presented by neighboring cells, posing the ques-

tion of how olfactory receptor activation stimulates Notch activa-
Neuron 69, 468–481,
tion in the same ORNs. One possibility is

that upon activation of their resident

olfactory receptor, ORNs communicate

with other neurons or glia, via synaptic

transmission, to induce them to elevate

their production of a retrograde Delta

signal. To assess this, we asked whether

synaptic transmission from ORNs is

required for odorant induced Notch acti-

vation, using the expression of tetanus

toxin (Sweeney et al., 1995) to block

evoked synaptic vesicle release in
Or82a (geranyl acetate responsive) or Gr21a (CO2 responsive)

ORNs.

Using the Gal4/UASmethod, we expressed either active (TNT)

or inactive (IMP) forms of the tetanus toxin light chain in Or82a- or

Gr21a-expressing ORNs and monitored Notch activity using the

N-LV/LexA.dGFP assay. To restrict expression of tetanus toxin

to ORNs in the adult, we used a temperature-sensitive form of

GAL80 to block transcriptional activation by Gal4 at 18�C, but
permit it at 30�C (McGuire et al., 2003). Flies were raised to adult-

hood at 18�C and then either maintained at 18�C or switched to

30�C for 4 days prior to, and for the duration of, exposure to odor.

At 18�C, neither IMP nor TNT is expressed, and exposure to ger-

anyl acetate leads to dGFP accumulation in VA6, as in wild-type

flies (Figures 6A and 6D; with the N-LV assay we often detect

Notch activation in VA1 and DC2 in response to food odors

and at 18�C we also detect Notch activation in VM2). However,

flies that express TNT at 30�C show significantly decreased

dGFP accumulation in VA6 (Figure 6E), whereas those express-

ing IMP do not (Figure 6B). Similar results were obtained when
February 10, 2011 ª2011 Elsevier Inc. 473



Figure 6. Notch Activation in Odorant

Receptor Neurons Depends on Synaptic

Transmission

(A–F) tubP-gal80ts20; N-LV LexOP.dGFP flies

carrying an Or82a.Gal4 driver and either the

UAS.IMPTNT-Q4A (IMP; A–C) or UAS.TNT-E

(TNT; D–F) transgene, as indicated, were raised

at 18�C on molasses food and shifted to dextrose

food upon eclosion. The 18�C set (A and D) were

aged at 18�C for 11 days and then exposed to

a 1:100 dilution of geranyl acetate oil for 4 days

at 18�C. The 18�C/30�C set (B and E) were

aged at 18�C for 4 days and shifted to 30�C for

4 days prior to being exposed to exposed to ger-

anyl acetate at 30�C for an additional 4 days.

The 30�C/18�C set (C and F) were aged at

18�C for 2 days, shifted to 30�C for 4 days, shifted

back to 18�C for 4 days and then exposed to ger-

anyl acetate for 4 days at 18�C. As depicted in D3,

E3, and F3, expression of tetanus toxin (TNT) for

8 days at 30�C significantly reduces dGFP accu-

mulation in VA6 in response to geranyl acetate

relative to control flies expressing inactive toxin

(IMP) under the same conditions. Moreover, the

effect is reversible following return to 18�C, which

blocks expression of the toxin. (The phenotype we

see cannot be due to a direct effect of TNT on

Notch, because while Notch is required

throughout development, TNT expression has

been shown not to affect embryonic development

[Sweeney et al., 1995].)

(G) The graph depicts box plots of the integrated

density of fluorescence in VA6. Only the 30�C set

differed significantly. The number of samples

analyzed was: 18�C IMP, 22; 18�C TNT, 24; 30�C
IMP, 22; 30�C TNT, 24; 30 > 18�C IMP, 22; 30 >

18�C TNT, 28.

(H) The graph depicts box plots of the integrated

density of fluorescence in VA6 normalized to the

IMP control in each data set. N-LV IMP (IMP

N-LV) and N-LV TNT (TNT N-LV) flies of the same

genotype as in (A)–(F) and dGFP/tubP-gal80ts20

UAS.IMPTNT-Q4A; 82a GAL4/+ (IMP trafficking)

and dGFP/tubP-gal80ts20 UAS.TNT-E; 82a

GAL4/+ (TNT trafficking) flies were raised at 18�C
on molasses food and shifted to dextrose food

upon eclosion. They were aged at 18�C for

4 days and shifted to 30�C for 1 day prior to being

exposed to a 1:100 dilution of geranyl acetate for

4 days. While both the reduction in Notch activity

and dGFP trafficking are significant, the reduction

in Notch activity is greater (61%) than the reduc-

tion in dGFP trafficking (26%).
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TNT and IMP were expressed in Gr21a-expressing ORNs: TNT,

but not IMP, expression blocked dGFP accumulation in V in

response to CO2 (data not shown).
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To test whether expression of TNT

blocks dGFP accumulation because it

irreversibly damages or kills the Or82a-

expressing ORNs, we shifted flies ex-

pressing TNT at 30�C back to 18�C for

4 days to allow GAL80ts to repress
GAL4 driven production of TNT. dGFP accumulation can then

again be detected in VA6 (Figures 6C and 6F). Quantification of

these results is shown in Figure 6G, confirming that there is
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a highly significant decrease (p < 0.0001, Mann-Whitney) in

Notch activation in VA6 when tetanus toxin is expressed in

Or82a-expressing ORNs.

Chiang et al. (2009) have reported that long-term expression of

tetanus toxin in single ORNs innervating a given glomerulus is

associated with axonal degeneration. To ensure that the reduc-

tion in Notch-induced dGFP expression we observed in ORNs

expressing TNT was not merely due to degeneration of ORN

axons, we assessed the ability of our reporter to traffic down

axons by coexpressing dGFP and either TNT or IMP in OR82a-

expressing ORNs, using the same temperature shift regime em-

ployed for assaying Notch activation in response to geranyl

acetate. While we did see a reduction in dGFP accumulation in

TNT expressing ORNs (20%), this reduction was not as severe

as the reduction in Notch activation (57%). In addition, we short-

ened the length of time flies were shifted to 30�C prior to being

exposed to geranyl acetate to one day. Again, while we could

detect a reduction of 26% in dGFP trafficking when tetanus toxin

is expressed, this was not as severe as the 61% reduction in

Notch activity (Figure 6H). This reduction in Notch activity is

actually an underestimate, as most of the residual Notch activity

is in fact not in the ORNs but in other axons that innervate that

antennal lobe (data not shown). Taken together with our finding

that the block in Notch activation is reversible, this result

suggests that the effect of TNT cannot be attributed simply to

neural degeneration, downstream of the block in synaptic

transmission.

Thus, the elevation of Notch activity induced in ORNs by acti-

vation of their resident odorant receptors depends on synaptic

transmission by the responding ORNs.

Notch Activation in ORNs Is Modulated by the Activity
of Local Interneurons in the Antennal Lobe
ORNs project to single glomeruli in the antennal lobe, where they

synapse on local interneurons (LNs) and projection neurons

(PNs) (Gao et al., 2000; Vosshall et al., 2000). LNs are diverse

in their connectivity (Chou et al., 2010) synapse on many

glomeruli and modulate incoming neural input from many

ORNs. This modulation can be either excitatory or inhibitory (re-

viewed inWilson, 2008). To determine whether the level of Notch

activation induced in ORNs by odorants is modulated by LN

function in the antennal lobe, we examined the consequences

of blocking synaptic transmission in specific subsets of LNs

using the same experimental protocol described above for

blocking synaptic transmission in chosen ORNs. We employed

two drivers, LN1.Gal4 and LN2.Gal4, that are expressed in

distinct subsets of primarily GABAergic LNs (Das et al., 2008;

Okada et al., 2009; Sachse et al., 2007) and one driver,

Kra.GAL4, that is expressed in both GABAergic and cholinergic

LNs (Chou et al., 2010; Shang et al., 2007). As summarized

below, we could detect changes in the level of dGFP accumula-

tion in VA6 and V induced, respectively, by geranyl acetate and

CO2 when TNT was expressed using one or more of these

drivers.

Expression of TNT in Kra.Gal4-expressing LNs enhanced the

geranyl acetate and CO2 responses in VA6 and V relative to

the IMP control (Figures 7A–7F). TNT expression in LN1.Gal4-ex-

pressing LNs did not appear to alter the geranyl acetate
response (Figures 7G–7I) but repressed the CO2 response

(Figures 7J–7L). Finally, we found that TNT expression in

LN2.Gal4 expressing LNs caused an increase in the geranyl

acetate response (Figures 7M–7O) but had no affect on the

CO2 response (Figures 7P–7R). Of the three classes of LNs we

examined, only those expressing LN2.GAL4 have been hypoth-

esized to have extensive contacts with ORN terminals (Okada

et al., 2009), and our finding that TNT expression in LN2.Gal4-ex-

pressing LNs has no effect on the CO2 response is in accord with

the observation that Gr21a-expressing ORNs do not express

GABAB receptors and are not subject to significant presynaptic

inhibition (Root et al., 2008). The effect of blocking synaptic

transmission by LNs expressing Kra.Gal4 and LN1.Gal4 on

Notch activation in ORNs is not necessarily direct. Nevertheless,

the level of Notch activation induced in ORNs by odorant

appears to depend on the function of LNs in the antennal lobe.

This is further evidence that the level of the Notch response

reflects cross talk between glomeruli.

Notch Activation by Odorants or Odorant Mixtures
that Activate More Than One Olfactory Receptor
For CO2 and geranyl acetate, both of which strongly activate

single olfactory receptors in dedicated ORN populations, the

Notch response to prolonged exposure shows a simple one-

to-one correspondence with the electrophysiological response

to transient exposure. Our results with ethyl butyrate, however,

suggest that odorants that activate multiple odorant receptors

may induce a more complex Notch response. Ethyl butyrate

induces electrophysiological responses in ORNs that project to

DM6, DM5, DM2, DM3, VC4, VM5, VM2, VM3, DC1, and VC3

(Hallem and Carlson, 2006). Of these, we only detect Notch

activity in DM5, DM6, and VM2 (Figure 5A).

To examine this further, we sampled the Notch response in the

glomeruli of N-GV flies maintained for at least 3 days on dextrose

food in the presence of each of thirteen defined odorants

(including geranyl acetate, CO2, and ethyl butyrate; Figure 8A

and legend). Approximately two-thirds of the odorants tested

(ethyl butyrate, pentyl acetate, octanol, geranyl acetate,

1-octen-3-oI, 3-octanol, 2-phenylethanol, ethyl benzoate, and

CO2) altered the pattern of dGFP accumulation in antennal

lobe glomeruli relative to the control dextrose food response.

With the exception of CO2, all of these odorants are known to

activate two or more receptors (Hallem and Carlson, 2006; Hal-

lem et al., 2004; Wang et al., 2003) and with the exception of ger-

anyl acetate, all induced dGFP accumulation in at least a few,

and sometimes several, glomeruli (Figure 8A; geranyl acetate

strongly activates Or82a and weakly activates Or98a [Hallem

and Carlson, 2006]; we only detect Notch activation in Or82a-ex-

pressing ORNs). However, as in the case of ethyl butyrate (Fig-

ure 5A), the correspondence between the Notch response and

the previously described electrophysiological response was

incomplete, or in the case of 2-phenylethanol (Figure 8A), nonex-

istent. This lack of correspondence, as well as the failure of some

defined odorants to induce a Notch response, could be due to

our assaying the consequences of odorant exposure over

days, rather than seconds (e.g., some odorants might degrade

or break down into other molecules with different odorant activ-

ities). Alternatively, as suggested by our experiments with ethyl
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Figure 7. Notch Activation in Olfactory Receptor Neurons Is Modulated by Synaptic Activity of Local Interneurons in the Antennal Lobe

N-LV LexOP.dGFP/tubP-gal80ts20 flies carrying Kra.Gal4, LN1.Gal4, or LN2.Gal4 drivers and either the UAS.IMPTNT-Q4-A (IMP) or UAS.TNT-E (TNT) transgene,

as indicated, were raised to eclosion on molasses food and aged for 2 to 4 days on dextrose food at 18�C. They were then transferred to 30�C for 4 days and

exposed at 30�C to a 1:100 dilution of geranyl acetate for four more days or to 5% CO2 (Kra.GAL4 and LN2.GAL4) or 10% CO2 (LN1.GAL4) for 3 more days, as

indicated. TNT expression under the control of each of the three LN drivers significantly altered the level of dGFP accumulation in response to either, or both,

geranyl acetate and CO2, in the appropriate target glomerulus (VA6 for geranyl acetate and V for CO2). In the cartoons, darker shades of green indicate increased

Notch activity. For each set of experiments, the graphs depict box plots of fluorescence in VA6 (geranyl acetate exposed flies) or V (CO2 exposed flies). The

number of samples analyzed for each genotype and odor was as follows: Kra > IMP geranyl acetate, 14; Kra > TNT geranyl acetate, 26; Kra > IMP CO2, 33;

Kra > TNT CO2, 27; LN1 > IMP geranyl acetate, 25; LN1 > TNT geranyl acetate, 28; LN1 > IMP CO2, 41; LN1 > TNT CO2, 33; LN2 > IMP geranyl acetate, 30;

LN2 > TNT geranyl acetate, 26; LN2 > IMP CO2, 32; LN2 > TNT CO2, 24.
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butyrate (Figure 5), Notch activation induced by olfactory

receptor activity in any given ORN population may be sensitive

to olfactory receptor activation in other ORNs populations.

To test this possibility directly, we assayed the Notch

response to a mixture of two odorants, geranyl acetate and pen-

tyl acetate. Pentyl acetate activates distinct olfactory receptors

in several different ORN populations and induces Notch activity

in multiple glomeruli in a dose-dependent fashion. Specifically,

dGFP accumulation is detected in approximately five glomeruli

(VM2, VA4, DM3, VM5, and DC2) in response to low levels of

pentyl acetate (a 1:50 dilution; Figure 8C); exposure to a ten-

fold higher concentration increases the level of dGFP accumula-

tion in these glomeruli and also induces dGFP accumulation in at

least seven additional glomeruli (Figure 8D; DA4, DC1, DL3, DL4,

DL5, DM6, and VM3). This dose-dependent increase in the

number of responding glomeruli is in accord with similar results

obtained in flies and mice, using various electrophysiological

and imaging techniques to assay neural activity (Hallem and
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Carlson, 2006; Hallem et al., 2004; Lin et al., 2006; Wang et al.,

2003).

When a 1:50 dilution of pentyl acetate is added to a 1:1000

dilution of geranyl acetate the prominent geranyl acetate

response induced in VA6 is reduced (compare Figures 8E and

8F), whereas conversely, the pentyl acetate response in VA3

and/or VA4 is increased. When the concentration of pentyl

acetate is further increased, to a 1:5 dilution, the geranyl acetate

VA6 signal is almost completely abolished (compare Figures 8E

and 8G). The data is presented graphically in Figure 8H. A 1:50

dilution of pentyl acetate also suppresses the activation of Notch

induced in VA6 by exposure to dextrose food alone (compare

Figures 8B and 8C, graph in Figure 8H). Equivalent examples

of suppression have been reported in both insects and verte-

brates when odors are presented as mixtures (Deisig et al.,

2006; Lei and Vickers, 2008; Olsen et al., 2010; Silbering and Ga-

lizia, 2007; Tabor et al., 2004). Thus, the patterns of Notch activity

induced by odorant ensembles that activate multiple receptors



Figure 8. Notch Activation Induced by Odorant Mixtures Depends on Inhibitory Cross-Talk between Responding Olfactory Receptor

Neurons

(A) Four-day-old N-GV UAS.dGFP/+ flies which had been raised on dextrose food were exposed to 1:100 dilutions of odors (for 4 days) or to 5%CO2 (for 3 days).

Seven to twelve flies were assayed for each odor. The fraction of flies with Notch activity in the indicated glomeruli is presented in blue. The activity of the ORNs in

response to puffs of the corresponding odor is shown in red. With the exception of 3-octanol this is electrophysiological data (de Bruyne et al., 2001; Hallem and

Carlson, 2006) and the height of the red bars reflects spike number. Glomeruli activated by 3-octanol were determined by calcium imaging (Wang et al., 2003). No

obvious changes in Notch activation were observed for the following odors: phenethyl acetate, methyl salicylate, cis-vaccenyl acetate, octyl aldehyde.

(B–H) N-GV UAS.dGFP/+ flies raised to eclosion and aged for four days on dextrose food were exposed for 4 days to different concentrations of geranyl acetate

and pentyl acetate as indicated, or to paraffin oil alone. Surface plots of Notch activation in an antennal lobe are depicted in (B)–(G), with the height and color of the

peaks being proportional to pixel intensity. Orientation of the antennal lobe is depicted in (B): M, medial; D, dorsal; L, lateral; V, ventral. Addition of pentyl acetate

to geranyl acetate at concentrations of 1:50 and 1:5 caused stepwise reductions in dGFP accumulation in VA6 (asterisk). Conversely, there is an increase in dGFP

accumulation in VA3 (arrowhead). Box plots of the fluorescence in VA6 are presented in (H), illustrating the reduction in Notch activation in VA6 induced by pentyl

acetate (GA, geranyl acetate; PA, pentyl acetate). The number of samples analyzed was: oil, 24; PA 1:50, 24; GA 1:1000, 32; GA 1:1000 PA 1:5, 32; GA 1:1000 PA

1:50, 30.
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appears to reflect some form of neural processing of the input

stimuli.

DISCUSSION

Sensory perception depends on experience, as encoded in

changes in synapse, neuron and circuit behavior caused by prior

sensory input.Usingan in vivoassay that translatesNotchactivity

into the expression of GFP, we find that prolonged exposure of

adultDrosophila to defined odorants activatesNotch in particular

ORNs. Here, we summarize the attributes of this response and

speculate about how it occurs and what roles it may play.

Activation of Notch by Geranyl Acetate and CO2:
A Simple Neural Correlate of Olfactory Experience
Geranyl acetate and CO2 are each known to strongly activate

only a single olfactory receptor (de Bruyne et al., 2001; Hallem

and Carlson, 2006; Suh et al., 2004). These receptors are ex-

pressed in unique populations of ORNs, each of which projects

to a single glomerulus (Couto et al., 2005; Fishilevich and Vos-

shall, 2005; Scott et al., 2001; Suh et al., 2004) and synapses

with a unique population of PNs (Marin et al., 2005; Sachse

et al., 2007; Schlief and Wilson, 2007). Hence, these odorants

appear to be detected by dedicated sensory circuits.

For both circuits, we observe a simple one-to-one correspon-

dence between odorant and the induction of Notch activity: pro-

longed exposure to geranyl acetate activates Notch in ORNs that

express the geranyl acetate receptor (Or82a), and similarly, CO2

activates Notch in ORNs that express the CO2 receptor (Gr21a).

Given that there are �60 different ORN populations, each

defined by expression of a unique olfactory receptor, the one-

to-one correspondence we observe for the Notch response is

highly significant. We infer that the activation of olfactory

receptor by each odor is likely specific and responsible for

inducing the activation of Notch in the ORNs that express that

receptor. This inference is confirmed by experiments in which

we ectopically express the Or82a receptor in Or43b expressing

ORNs, which are normally responsive to ethyl butyrate: exposure

to geranyl acetate now induces Notch activation in the VM2

glomerulus to which these OR82a expressing Or43b ORNs

project.

In addition to the requirements for odor and olfactory receptor,

we can define four other properties of the Notch response to ger-

anyl acetate and CO2. First, Notch activation depends on the

DSL ligand Delta. Second, it depends on synaptic transmission

by the ORN in which the olfactory receptor is active. Third, Notch

activity is modulated by synaptic transmission by LNs in the

antennal lobe. Fourth, Notch activity in any given ORN popula-

tion can bemodulated by olfactory receptor activity in other pop-

ulations. Taken together, these findings argue for distinct pre-

and postsynaptic components of the Notch response in ORNs.

Activation of Notch by Complex Odorants: Evidence
for Neural Processing
Flies maintained on different food sources show distinct, albeit

relatively sparse, patterns of Notch activity in ORNs, and the

same was true when flies were exposed to defined odorants or

odorant mixtures that activate more than one receptor. Under
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these conditions, we typically detect Notch activation in the

ORNs that project to only a handful of glomeruli in each case.

However, in contrast to the Notch response to geranyl acetate

and CO2, there is only a partial correlation between the ORNs

that show the Notch response to these broader spectrum odor-

ants, and those that respond electrophysiologically to the same

odorant.

Given our evidence that both geranyl acetate and CO2

responses depend on synaptic transmission by ORNs as well

as LNs in the antennal lobe, we posit that at least some of these

more complex Notch responses reflect the consequences of

neural integration. In support, we show that olfactory receptor

activity in one ORN population can block odorant-induced acti-

vation of Notch in another ORN population, as revealed bymuta-

tions that abolish receptor activity or by coincident exposure to

a second odorant. Inhibitory interactions uncovered by receptor

mutation cannot be easily explained by decay or change in

odorant properties under the conditions of long-term odorant

exposure. They fit nicely, however, with recent electrophysiolog-

ical findings that demonstrate cross-regulatory inputs mediated

by LNs (reviewed in Wilson, 2008) and are in accord with our

observation that blocking synaptic transmission in GABAergic

LN2 interneurons that have been hypothesized to have extensive

contacts with ORN terminals (Okada et al., 2009), results in

elevated odorant-dependent Notch activity in Or82a expressing

ORNs. Moreover, they are consistent with our general observa-

tion that only a few ORN populations typically show a robust

Notch response to any given odorant ensemble.

Activation of Notch by Exposure to Odorant
A key question posed by our results is how persistent olfactory

receptor activity in an ORN alters Notch activity in the same

cell. We consider this problem from two perspectives: (1) what

is the source of the Delta signal? and (2) how does olfactory

receptor activity in ORNs lead to the enhanced activation of

Notch by this signal?

Notch is activated by its ligands in trans, i.e., by ligands on the

surface of neighboring cells. In the antenna, the ORN cell body is

surrounded by glia, and its dendrites are enveloped by the thec-

ogen cell (Shanbhag et al., 2000). Glia also envelope the axon as

it projects to the antennal lobe via the antennal nerve (Sen et al.,

2005). Finally, ORNs synapse with LNs and PNs in the antennal

lobe. Delta presented by any of these abutting cells could be

responsible for activating Notch in the ORN. Delta is ubiquitously

expressed in neurons in the adult fly brain (Figure S1C). In prelim-

inary experiments, we have found that overexpressing Delta

along with neuralized (an E3 ubiquitin ligase required for Delta

function) in PNs results in increased odor-dependent Notch acti-

vation in ORNs. Conversely, we have found that expressing

a Delta RNAi in these adult PNs decreased odor-dependent

Notch activation in ORNs. These data implicate PNs as one

source of Delta.

We envision two classes of mechanisms by which odorant

receptor activity results in enhanced Notch signaling. In the first,

olfactory receptor activity acts cell autonomously to sensitize

Notch to a tonicDelta signal fromother cells. In the second, olfac-

tory receptor activity dictates transmission of a signal to an abut-

ting cell that induces production of a retrograde Delta signal.
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Given our evidence that the Notch response reflects neural

cross-talk at the glomerular level, we favor the second class of

mechanisms, and specifically, the possibility that synaptic trans-

mission from the ORNs induces responding LNs or PNs to send

the Delta signal. Accordingly, we view Notch activation in the

ORNs as a reflection of neural integration at the glomerular level.

Possible Roles of DSL-Notch Signaling in Response to
Olfactory Stimulation
The Notch response we have identified in the adult olfactory

system appears to initiate and decay over relatively long periods.

In light of these kinetics, we can envisage at least two roles for

stimulus-dependent DSL-Notch signaling. The first is to mediate

adaptive responses to prominent and relatively stable environ-

mental inputs. In nature,Drosophilamay spend a significant frac-

tion of time in relatively constant olfactory environments, e.g., in

the vicinity of an abundant food source. Under these conditions,

it might be useful to adapt the olfactory system so that it remains

responsive to novel odorants or to changes in concentrations of

one or a few odorants (Dalton, 2000; Devaud, 2003). Most of the

olfactory adaptations that have been identified in Drosophila

occur and decay within minutes (Störtkuhl et al., 1999) or within

hours (Cho et al., 2004). However, at least one kind appears to be

generated over days by persistent exposure to odorant (Devaud

et al., 2001, 2003; Sachse et al., 2007). Specifically, flies exposed

to chronically elevated levels of CO2 adapt behaviorally and

exhibit an increase in the volume of the V glomerulus (Sachse

et al., 2007). The relationship of the Notch response to that iden-

tified by Sachse et al. is intriguing. Indeed, we have preliminary

data that reducing and increasing the level of Notch activity in

Gr21a expressing ORNs decreases and enhances respectively

the level of long-term behavioral adaptation to CO2.

A second, more speculative, possibility is that Notch activity

serves as a memory trace to allow pairings between inputs

that have informative value within a given time frame, but are

not coincident. Although some learned behaviors require precise

pairing of conditioned and unconditioned inputs (Tully and

Quinn, 1985), others, such as taste aversion in mammals, involve

pairings that occur over time intervals of hours (Bermúdez-Rat-

toni, 2004). The time scale of the Notch response might permit

pairing of precepts of a given environmental condition with posi-

tive or negative outcomes over such longer periods.

Aside from the olfactory system, we have detected Notch

activity in sensory neurons that mediate hearing and taste. More-

over, using the more sensitive N-LV reporter system, we have

also detected Notch activation in nonsensory neurons in the

brain. Further improvements in detecting Notch activation

in vivo may provide new correlates of neural activity at higher

levels of brain function.

EXPERIMENTAL PROCEDURES

Transgenes

N-GV has been described by Struhl and Adachi (2000). N-LV is a derivative of

N-GV in which the GAL4 DNA binding domain of N-GV is replaced with the

LexA repressor (Gyuris et al., 1993). Both transgenes are driven by Tubulina1

promoters (Basler and Struhl, 1994).

UAS.dGFP was generated by inserting the coding sequence for a destabi-

lized form of GFP (Clontech) that contains a single SV40 NLS into the Pelican
vector (Barolo et al., 2000). LexOP.dGFP is a derivative of UAS.dGFP in which

the Gal4 binding sites have been replaced by eight LexA binding sites (Ebina

et al., 1983).

Gr21a, Or82a, and Or43b promoters were amplified from genomic DNA,

using primers specified by Couto et al. (2005). TheGr21a andOr82a promoters

were subcloned into the pRedH-Stinger vector (Barolo et al., 2004) to generate

Gr21a.dsRed and Or82a.dsRed. The Or43b > Or82a transgene was generated

similarly by replacing the DsRed coding sequence in pRed H-Stinger with that

encoding Or82a.

Other transgenes employed are UAS.IMPTNT andUAS.TNT (Sweeney et al.,

1995), Or82a.GAL4 (Fishilevich and Vosshall, 2005), Kra.GAL4 (Dubnau

et al., 2003), LN1.GAL4 and LN2.GAL4 (Sachse et al., 2007), Gr21a.GAL4

(Suh et al., 2004), tubP-gal80ts (McGuire et al., 2003). Mutant alleles are

Or43b null allele (Elmore et al., 2003), DlRF (Xu et al., 1990), Dl6B (Lehmann

et al., 1983).

Odorant Exposure

Unless otherwise specified, flies were exposed to odors at room temperature.

One-half milliliter of odorant in paraffin oil was placed in a 2.0 ml microcentri-

fuge tube covered with Nitex. The microcentrifuge tube, along with approxi-

mately 20–30 flies, was placed into a 25 3 95 mm polystyrene Drosophila

vial containing approximately 10 ml of dextrose food. Flies were exposed to

CO2 in a CO2 incubator by placing them in a vial containing agar and sucrose

that was covered with Nitex.

Histology and Immunofluorescence

Drosophila adults were dipped in ethanol, their brains dissected in PBS and

fixed in 4% paraformaldehyde in PBS containing 0.001% Triton X-100 for

15 min. Subsequent steps were as described (Lieber et al., 1993). The brains

were mounted in 90% glycerol, 0.1 M TrisHCl (pH 8.1), 2.5% DABCO. Primary

antisera used are as follows: rabbit polyclonal anti-GFP (Invitrogen); mouse

monoclonal anti-Bruchpilot, nc82 (Wagh et al., 2006); rat monoclonal anti-

ELAV, 7E8A10 (O’Neill et al., 1994); rabbit polyclonal anti-Notch (Lieber

et al., 1993); mouse monoclonal anti-Delta, C594.9B (Qi et al., 1999); mouse

monoclonal anti-Repo, 8D12 (Alfonso and Jones, 2002). All monoclonal anti-

sera were obtained from the Developmental Studies Hybridoma Bank.

Secondary antibodies were Alexa Fluor 488 donkey anti-rabbit, Alexa Fluor

647 goat anti-rat (Invitrogen), Cy3 donkey anti-mouse, Rhodamine Red X

donkey anti-rabbit, Rhodamine Red X donkey anti-mouse andCy5 anti-mouse

(Jackson Laboratories).

Image Analysis

Brains were imaged in the linear range, using a Leica SP5 confocal micro-

scope. All brains within one experiment were imaged using the same green

channel settings. Z stacks were collected at approximately 1 mM spacing.

Maximum projections of the stacks were analyzed using ImageJ (Rasband,

1997–2008). Two-tailed Mann-Whitney tests were performed using GraphPad

Prism version 5.0b for Mac OS X (GraphPad Software, San Diego California

USA, www.graphpad.com).
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