10156 + The Journal of Neuroscience, July 25,2012 - 32(30):10156 10169

Behavioral/Systems/Cognitive

Pan-Neuronal Expression of APL-1, an APP-Related Protein,
Disrupts Olfactory, Gustatory, and Touch Plasticity in
Caenorhabditis elegans
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Patients with Alzheimer’s disease show age-related cognitive decline. Postmortem autopsy of their brains shows the presence of large
numbers of senile plaques, whose major component is the 3-amyloid peptide. The 3-amyloid peptide is a cleavage product of the amyloid
precursor protein (APP). In addition to the neurodegeneration associated with 3-amyloid aggregation in Alzheimer’s disease patients,
mutations in APP in mammalian model organisms have also been shown to disrupt several behaviors independent of visible amyloid
plaque formation. However, the pathways in which APP function are unknown and difficult to unravel in mammals. Here we show that
pan-neuronal expression of APL-1, the Caenorhabditis elegans ortholog of APP, disrupts several behaviors, such as olfactory and gusta-
tory learning behavior and touch habituation. These behaviors are mediated by distinct neural circuits, suggesting a broad impact of
APL-1 on sensory plasticity in C. elegans. Furthermore, we found that disruption of these three behaviors requires activity of the TGFf3
pathway and reduced activity of the insulin pathway. These results suggest pathways and molecular components that may underlie

behavioral plasticity in mammals and in patients with Alzheimer’s disease.

Introduction

Alzheimer’s disease (AD) is the most common form of dementia
(Alzheimer’s Association, 2010) and has been associated with
type 2 diabetes (Ott et al., 1999; Luchsinger et al., 2004). Levels of
insulin and IGF-1 receptors are lower in brains of AD patients
(Steen et al., 2005). However, the underlying cellular mechanism
that connects the association is unknown. Moreover, a hallmark
in the diagnosis of AD is the deposition of amyloid plaques. The
amyloid plaques contain aggregations of the B-amyloid peptide,
which is a cleavage product of the amyloid precursor protein
(APP) (Glenner and Wong, 1984; Masters et al., 1985; Kang et al.,
1987). Families with an extra copy of the APP locus on chromo-
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some 21 have been correlated with AD (Cabrejo et al., 2006;
Rovelet-Lecrux et al., 2006; Sleegers et al., 2006), and the inci-
dence of AD among Down syndrome patients, who have a tri-
somy of chromosome 21, is extremely high (Mann and Esiri,
1989; Schupf et al., 1998; Korbel et al., 2009). These findings
suggest that higher levels of APP could contribute to the devel-
opment of AD. Overexpression of APP in mice leads to learning
defects and lethality independent of amyloid peptide aggregation
(Hsiao et al., 1995; Simén et al., 2009). Similarly, overexpression
of APL-1, the Caenorhabditis elegans ortholog of APP, leads to
an incompletely penetrant lethality (Hornsten et al., 2007).
Whether overexpression of APL-1 also leads to learning de-
fects is unknown.

C. elegans shows olfactory and gustatory plasticity and touch
habituation. These behaviors are generated by distinct neural cir-
cuits (Bargmann, 2006; Giles and Rankin, 2009). To navigate
through the environment, C. elegans has to constantly monitor its
surroundings to respond to novel stimuli and ignore nonthreat-
ening persistent stimuli (Lee et al., 2010). For instance, C. elegans
is attracted to chemicals that resemble food or its byproducts.
However, after pre-exposing C. elegans for an hour to an attrac-
tive volatile or water-soluble chemical in the absence of food,
animals will show associative plasticity by decreasing their re-
sponse and avoiding the previously attractive chemical (Colbert
and Bargmann, 1995; Tomioka et al., 2006).

Odorants are detected by chemosensory neurons that also
control developmental decisions (Bargmann and Horvitz,
1991a). Under harsh environmental conditions, C. elegans enters
an alternative larval stage called dauer (Riddle and Albert, 1997)
by decreasing insulin signaling (Kimura et al., 1997; Henderson
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and Johnson, 2001). Reduction of daf-2/insulin/IGF-1 receptor
function also impairs chemosensory associative plasticity (To-
mioka et al., 2006; Lin et al., 2010). Because altered insulin sig-
naling is associated with Alzheimer’s disease, we determined
whether overexpression of APL-1 could affect simple C. elegans
learning behaviors and whether these effects are mediated via
altered insulin signaling. Here, we show that varying levels of
APL-1 expression affect the chemotaxis response and that neuro-
nal expression of APL-1 disrupts associative and nonassociative
learning. These APL-1-induced effects are mediated via TGF
signaling and decreased insulin/IGF-1 signaling. APL-1 shares
some motifs with the insulin-related peptides in C. elegans (see
Fig. I N) (Pierce etal.,2001) and could potentially bind or disrupt
binding to the DAF-2 insulin/IGF-1 receptor.

Materials and Methods

Strains

Caenorhabditis elegans strains were grown and maintained on MYOB plates
(Church etal., 1995) containing OP50 Escherichia coli bacteria at 20°C using
methods as described previously (Brenner, 1974), unless noted. The wild-
type strain used was N2 variant Bristol (Brenner, 1974), and hermaphrodite
animals were used for all studies. All mutations used are described in Worm-
Base (www.wormbase.org) and include the following: LGI, daf-16(mu86
and mgDf50); LGIIL, daf-2(e1370), daf-7(e1372); LGX, daf-12(m20), lon-
2(e678), apl-1(yn5 and yn10), and dpy-8(e130). Construction of the APL-1
transgenes and the resulting transgenic lines are described (Hornsten et al.,
2007). Pmec-4::apl-1 cDNA:GFP was generated by PCR of the mec-4 pro-
moter with primers Pmec4F-Sbfl (5'-GTGTCCTGCAGGTCAGTCGGAG
TTCCCGGTTC-3") and Pmec4R (5'-TCCAAGCAAGGGTCCTCCTG-")
from the Pmec-4::CFP plasmid; this PCR fragment containing the mec-4
promoter was subcloned into the Psnb-1::apl-1 cDNA::GFP plasmid by re-
placing the snb-1 promoter; the promoter switch was confirmed by DNA
sequencing. Pceh-36::apl-1 cDNA::GFP was generated by excising the ceh-36
promoter from ceh-36prom_TagRFPT unc54UTR and inserting it into
pPD49.26; the apl-1 cDNA fused to GFP was excised from Psnb-1:apl-1
c¢DNA:GFP and inserted into pPD49.26/Pceh-36. Nonintegrated
transgenic lines used were as follows: dvEx371 [Psnb-1:humanAPP,5,
cDNA, Pmtl-2::GFP], dvEx372 [Psnb-I1:humanAPP,s; cDNA, Pmtl-2:
GFP], ynEx1130 [Papl-1:apl-1, SUR-5:GFP], muEx169 [Punc-119:
GFP::daf-16 cDNA, pRF4 rol-6(sul1006gf)] (Libina et al., 2003), ynEx212
[Pmec-4::apl-1 cDNA:GFP, Pmyo-3:mCherry], ynEx213 [Pmec-4::apl-1
cDNA::GFP, Pmyo-3:mCherry], ynEx214 [Pceh-36:apl-1 cDNA:GFP,
Pmyo-3:mCherry], ynEx215 [Pceh-36:: apl-1 cDNA:GFP, Pmyo-3:
mCherry]. Integrated transgenic lines used were the following: ynls14
[Phsp-16.2::apl-1 ¢cDNA, lin-15(+)], ynls71 [Papl-1:apl-1(yn5), SUR-5:
GFP], ynIs112 [Prab-3: apl-1 cDNA:GFP, Pmyo-3:RFP], ynls113
[Pmec-4::apl-1 cDNA:GFP, Pmyo-3:mCherry], ynls114 [Pmec-4:apl-1
cDNA::GFP, Pmyo-3:mCherry|, ynls115 [Pmyo-3:mCherry], jsIsI [Psnb-1::
snb-1:GFP, pRF4 rol-6(sul006gf)] (Nonet, 1999), IpIsi4 [Pdaf-16:
daf-16f::GFP, unc-119(+)] (Kwon et al., 2010); LGL: ynIs109 [Psnb-1:apl-1
cDNA:GFP]; LGIIL: ynlsi2 [Psnb-I:apl-1 cDNA, lin-15B(+)], jsIs682
[Prab-3::GFP:rab-3 cDNA; lin-15(+) (Mahoney et al., 2006); LGIV: vsIs13
[lin-11::pes-10::GFP, lin-15(+)] (Bany et al.,, 2003), ynls104 [Prab-3:apl-1
cDNA:GFP, Pmyo-2::GFP], zIs356 [Pdaf-16:daf-16a/b::GFP, pRF4 rol-
6(su1006gf)] (Henderson and Johnson, 2001); LGV: ynls13 [Psnb-1:: apl-1
cDNA, lin-15B(+)], ynls79 [Papl-1:apl-1::GFP], nuls5 [Pglr-1::GFP;
Pglr-1:Gas(Q227L); lin-15(+)] (Berger et al., 1998); and LGX: dvIs62
[Psnb-1:humanTDP-43, Pmtl-2::GFP] (Ash et al., 2010), ynIs86 [Papl-1::
apl-1, SUR-5::GFP], ynlIs91 [Prab-3::apl-1 cDNA::GFP, pRF4 rol-
6(sul006gf)], ynIs108 [Papl-1::apl-1(Aheparin AE2 domains)::GFP,
SUR-5:GFP], and ynIs107 [Papl-1:apl-1(yn32/D342C/S362C)::GFP,
Pmyo-2::GFP] (Hoopes et al., 2010).

Chemotaxis and conditioning learning assays

Chemotaxis and conditioning learning assays were performed at the
same time and as described previously (Colbert and Bargmann, 1995;
Tomioka et al., 2006). For each strain, worms were grown in duplicates,
one set for chemotaxis and one for pre-exposure conditioning assays. To
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synchronize worm populations, ~15 gravid adult worms were placed
into a hypochlorite solution to release the eggs. Hatched worms were
grown at 20°C (unless noted). Four days later, animals were washed off
the growing plate with water into a 1.5 ml Microfuge tube and washed an
additional three times with water.

Benzaldehyde assays. For each strain, three 10 cm plates were poured
with 10 ml of 2% agar; two were used for chemotaxis and one for pre-
exposure to benzaldehyde without food (benzaldehyde conditioning).
On the back of the chemotaxis plates, an equilateral triangle with 4 cm
sides was drawn; the first corner was defined as starting point for the
worms, on the second corner 1 pl of 1:200 benzaldehyde diluted in
ethanol together with 1 ul of 1 M sodium azide was placed on the agar,
and on the last corner 1 pl of ethanol together with 1 ul of 1 M sodium
azide was placed on the agar as a control. The benzaldehyde dilution
assays were performed the same way, except different concentrations of
benzaldehyde (e.g., 1%, 0.1%, 0.05%, 0.01%) were used. For the condi-
tioning plate, five molten plugs of 2% agar were placed on the lid; when
solidified, 0.6 ul of undiluted benzaldehyde was placed on each plug
(total of 3 ul of benzaldehyde). Of the two batches of washed worms per
strain, one batch of worms (~100-200 worms) was placed on the start-
ing point of the chemotaxis plate, while the other batch (~100-200
worms) was placed on an empty plate and covered with the benzaldehyde
conditioning lid; the plate was sealed with Parafilm. Plates were main-
tained in a 20°C incubator for 60 min, after which animals were washed
three times and assayed for chemotaxis (unless indicated). The che-
motaxis index (CI) was determined after 60 min [CI = (number of
worms on the test point — number of worms on control point)/(total
number of worms on the plate)].

Salt assays. The night before the assay, two 10 cm plates were poured
for each strain with 10 ml of 2% agar. When the molten agar solidified, an
equilateral triangle with 4 cm sides was drawn on the back of the che-
motaxis plates. One corner was defined as a starting point for the worms.
Onasecond corner a hole of 0.8 cm diameter was punched and filled with
2% agar containing 400 mm sodium acetate (NaAc), and on the third
corner a hole of 0.8 cm diameter was punched and filled with 2% agar as
a control. The sodium acetate was allowed to form a gradient overnight.
Before the chemotaxis assay, 1 ul of 1 M sodium azide was placed on the
test and control spot. Of the two batches of washed worms per strain, one
batch of worms (~100-200 worms) was placed on the starting point of
the chemotaxis plate, and the other batch (~100-200 worms) was incu-
bated in 1 ml of 100 mm sodium acetate without food (sodium acetate
conditioning) in a Microfuge tube. After 60 min at 20°C, the CI was
scored for the chemotaxis plate. The worms conditioned to salt were
washed three times with water and then placed on a chemotaxis plate.
After 60 min at 20°C, the CI was scored. For each condition and strain,
the experiment was conducted by at least two people who did not know
the identities of the strains (either A.G., A.N., VC, L.T.,and/or R.C); each
experimental condition was repeated (T = trial) at least 3 times. For
statistical analysis, repeated measures (mixed model) two-way ANOVAs
with Bonferroni post-tests to compare trials and means (95% confidence
intervals) were performed to assess similarity between groups using
Prism 4.0a software (GraphPad).

Multiple sequence alignment

The alignment of multiple insulin-like protein sequences with the APL-1
protein sequence was performed with the program Expresso, which in-
corporates structural information with sequence information (Armou-
gom et al., 2006).

Temperature shift assays

Worms carrying the temperature-sensitive daf-2(e1370) allele and corre-
sponding control worms were grown, maintained, and synchronized at
15°C. Young adults were then placed at 25°C for 4 h and chemotaxis and
conditioning learning assays were performed as described above.

Touch habituation assays

One day before the assay, fourth larval stage (L4) animals were placed
onto a fresh plate with bacteria. One day adult animals were lightly
touched with an eyebrow hair on the side of the head, which caused a
backwards movement, and then at the side of the tail, which caused a
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forward movement. The touch assay was videotaped for wild-type ani-
mals (N2). The interstimulus interval (ISI) was determined by viewing
the video recordings and measuring the time between head and tail
touches. The ISI varied slightly from person to person. A.G.: ISI = 1.4 =
0.02 s (N = 30); N2 mean habituation = 5.0 = 0.3 (N = 31), AN.: ISI =
1.7 £ 0.04 s (N = 30); N2 mean habituation = 5.4 * 0.4 (N = 45),
C.Y.E.: ISI = 1.3 £ 0.05 s (N = 30); N2 mean habituation = 5.9 * 0.3
(N = 56), LT.: ISI = 1.2 = 0.03 s (N = 33); N2 mean habituation =
5.9 * 0.4 (N = 60), and R.C: ISI = 2.1 * 0.04 s (N = 36); N2 mean
habituation = 9.9 = 0.3 (N = 61). We found that the mean habituation
not only depends on the ISI, but also on the force with which the animal
was stroked with the eyebrow hair and on the properties of the eyebrow
hair itself. Hence, data for all strains were acquired by C.Y.E., L.T., and
R.C. equally with additional testing by A.G. and A.N.; strain identities
were unknown to A.G., A.N,, L.T., and R.C. during testing. For statistical
analysis, a one-way ANOVA with post hoc Tukey test was used for
comparison.

Touch recovery assays

One L4 animal was placed onto a fresh plate with bacteria. One day later,
the animal was touched consecutively on the head and tail with an eye-
brow hair until it no longer responded. This was repeated once after a
pause of time X (X = 55, 15 s, 1 min, 3 min, 5 min, 10 min, or 20 min).
Spontaneous touch recovery was calculated as follows: (number of head
and tail touches until no response after time X )/(initial number of head
and tail touches until no response).

Heat-shock assays

Heat—shock assays were performed as described previously (Tomioka et
al., 2006). Animals were placed at 33°C for 2 h, then recovered for 2 h at
20°C and tested for either chemosensory plasticity toward benzaldehyde
or sodium acetate or touch habituation.

High-osmolarity avoidance assays

High-osmolarity avoidance assays were performed as described previ-
ously (Fu et al., 2009). Quadrant Petri plates were prepared by filling
opposite quadrants with either 2% agar containing 1 M sodium acetate or
plain 2% agar. Worms were washed three times with water, placed at the
intersection, and scored after 60 min. An osmolarity index (OI) was
determined by calculating as follows: [(number of animals on NaAc
quadrants — number of animals on plain agar quadrants)/(total number
of animals)]. Because 1 M sodium acetate can be deadly for C. elegans,
dead animals were omitted from the statistics. The number of dead
ynls104 [Prab-3::apl-1 cDNA::GFP] animals was similar to the number of
dead wild-type animals on 1 M sodium acetate.

Egg-laying assays

L4 animals were transferred onto new plates. Forty-eight hours later, 10
animals were transferred to a new plate containing bacteria, left to lay
eggs for 2 h, then transferred to a new plate without bacteria, and allowed
to lay eggs for 2 h. The number of eggs laid in the presence and absence of
food was scored. For statistical analysis, repeated measures (mixed
model) two-way ANOVAs with Bonferroni post-tests to compare repli-
cate means (95% confidence intervals) were performed to assess similar-
ity between groups using Prism 4.0a software (GraphPad).

Dye fill assays

Worms were washed off plates with M9 and washed two additional times
with M9 (M9 is defined by Brenner, 1974). Worms were incubated for 2 h
in M9 containing 100 ng/ul Dil. Animals were mounted onto 2% agar
pads containing a drop of 10 mm sodium azide, and amphidial neuronal
morphology was scored at 400X magnification on a Zeiss Axioplan mi-
croscope. Images and z-stacks of the animals were taken at 400 X magni-
fication on a confocal microscope (Zeiss LSM 510 Confocal Laser
Scanning System; slice thickness, 0.49 um; for GFP: excitation wave-
length, 488 nm; laser intensity, 5%; filter, BP505-530; pinhole, 80 wm; for
Dil: excitation wavelength, 514 nm; laser intensity, 66%; filter, LP560;
pinhole, 78 um). The colocalization of the GFP and Dil fluorescence for
z-stacks of each worm was determined by the Colocalization Analysis
(test and highlighter) application in Image].
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Results

Modulating APL-1 levels disrupt olfactory chemotaxis

C. elegans is attracted to or repulsed from certain volatile and
water-soluble chemicals that represent olfactory and gustatory
responses, respectively (Bargmann and Horvitz, 1991b). This
chemosensory behavior is mediated by 22 amphidial neurons
(Ward et al., 1975). To determine whether a chemical is attractive
or repulsive to C. elegans, animals are placed onto an agar plate
that contains a spot with the test chemical and a control spot (Fig.
1A,B) (Colbert and Bargmann, 1995). Both spots also contain
sodium azide to anesthetize the animal whenever it reaches either
spot. A chemotaxis index is determined by calculating [(number
of animals on the test spot — number of the animals on the
control spot)/total number of animals on the plate]. A CI of 1
indicates a strong attractive test chemical, a CI of —1 a repulsive
test chemical, and a CI of 0 no preference. As reported previously
(Bargmann and Horvitz, 1991b), wild-type animals showed pos-
itive chemotaxis responses toward the volatile odorant benzalde-
hyde (CI = 0.77 = 0.02; the number of independent times
experiment was conducted or trials (T) = 30; Fig. 1C) and the
water-soluble chemical sodium acetate (CI = 0.77 = 0.01, T =
30; Fig. 1 D). Hence, benzaldehyde and sodium acetate are con-
sidered strong chemoattractants. Benzaldehyde is sensed by two
bilaterally symmetric AWC neurons (Bargmann et al., 1993),
whereas sodium is mainly sensed by one of the ASE neurons,
ASEL (Bargmann and Horvitz, 1991b; Pierce-Shimomura et al,,
2001).

Loss of apl-1, such as with the yn10 null allele, leads to larval
lethality (Hornsten et al., 2007); however, heterozygous apl-
I(ynI0) animals are viable and showed a reduced chemotaxis
response toward both benzaldehyde (CI = 0.43 £ 0.09; T = 8;
Fig. 1C) and sodium acetate (CI = 0.34 = 0.05; T = 15; Fig. 1 D),
although both chemicals were still attractive to the heterozygous
animals (Table 1). Hence, decreasing APL-1 levels lowers the
chemosensory response without affecting chemical preference.

Transgenic animals carrying a genomic fragment of apl-1 ex-
press high levels of APL-1 (Hornsten et al., 2007) and were gen-
erally attracted to benzaldehyde and sodium acetate, but as with
the heterozygous apl-1(yn10) animals, the response was much
reduced compared to wild-type (Fig. 1C,D; Table 1). For exam-
ple, homozygous apl-1(yn10) animals rescued by microinjection
of a wild-type copy of an apl-1 fragment (apl-1(yn10); ynEx1130
[Papl-1::apl-1]) showed a decreased but positive chemotaxis re-
sponse to benzaldehyde (CI = 0.52 * 0.06; T = 4) and sodium
acetate (CI = 0.5 = 0.09; T'= 4) (Table 1). Similarly, transgenic
animals carrying an apl-1 genomic fragment in a wild-type back-
ground (ynls86 [Papl-I:apl-1]) showed a positive chemotaxis
response to benzaldehyde and sodium acetate, but the che-
motaxis indices were significantly lower than those of wild-type;
in particular, extremely high levels of APL-1 overexpression, such
asin ynls79 [Papl-1:apl-1::GFP] transgenic animals (Hornsten et
al., 2007), resulted in a chemotaxis index that was only 40% of
wild type (Fig. 1C,D; Table 1). Hence, high levels of APL-1 also
disrupt the chemosensory response without affecting chemical
preference. apl-1 is expressed in many cell types, including several
amphidial chemosensory neurons such as ASJ, amphidial sheath
cells, and several interneurons that are downstream of the che-
mosensory neurons (Fig. 1G,H) (Hornsten et al., 2007), suggest-
ing that APL-1 exerts its effects on the chemosensory response
indirectly.

Like mammalian APP, C. elegans APL-1 is cleaved by an
a-secretase to release a large extracellular domain (sAPL-1) and a
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small cytoplasmic domain; no (-secretase has been found thus
far that cleaves mammalian APP expressed in transgenic C. el-
egans (for review, see Ewald and Li, 2010). The apl-1(yn5) muta-
tion deletes the region encoding the transmembrane and
cytoplasmic domains. apl-1(yn5) mutants are viable and contain
high levels of a fragment that contains the entire APL-1 extracel-
lular domain (APL-1EXT); because APL-1EXT is not further
cleaved by a-secretase, it is slightly larger than sAPL-1 (Hornsten
et al., 2007). apl-1(yn5) mutants have a wild-type response to
benzaldehyde but a reduced attractive response to sodium acetate
(Fig. 1C,D; Table 1). Similarly, transgenic animals that carry an
APL-1EXT transgene (ynls71) and contain high levels of APL-
1EXT (Hornsten et al., 2007) also showed a wild-type response to
benzaldehyde but a reduced attractive response to sodium acetate
(Table 1). Hence, high levels of APL-1EXT appear to differen-
tially affect the chemosensory responses: the response to sodium
acetate is partially compromised, whereas the response to benz-
aldehyde is unaffected. These results suggest that components
mediating response to sodium acetate may be more sensitive to
high levels of released sAPL-1 than those mediating the re-
sponse to benzaldehyde. Control animals in which a deletion
or point mutation was introduced into the transgene (ynIs108
[Papl-1::apl-1A::GFP] or ynls107 [Papl-1::apl-1(mut)::GFP],
respectively) showed wild-type responses (Table 1).

To determine whether the decreased chemotaxis response is
due to defects in the chemosensory neurons, we examined the
morphology of the chemosensory neurons by staining with a
lipophilic dye, Dil. The ciliary endings of the chemosensory neu-
rons are exposed to the extracellular milieu through the am-
phidial pore, through which Dil can be taken up by the ciliated
dendritic endings of a subset of chemosensory neurons (Perkins
et al., 1986). In apl-1(yn5) as well as the transgenic strains, the
morphology of the labeled chemosensory neurons appeared wild
type (Fig. 1G; N > 30 for each strain). Furthermore, when an RFP
marker was expressed in AWC (Podr-1::dsRED), the morphology
of AWC in these strains appeared wild type (data not shown).
Hence, the chemosensory defects in apl-1(yn10 and yn5) mutants

<«

(Figure legend continued.)  rab-3 promoter drives expression pan-neuronally, while the snb-1
promoter drives expression not only pan-neuronally but also in non-neuronal cells types, such
as the somatic gonad. Transgenic animals carrying the Prab-3:apl-1 cDNA::GFP transgene
(ynls704) had a wild-type chemotaxis response but showed no associative plasticity toward
benzaldehyde or sodium acetate. Transgenic animals carrying the Psnb-1::apl-1 (DNA::GFP
transgene (yn/s109) showed no chemoattraction to benzaldehyde or sodium acetate. Each trial
consisted of 100 —200 worms. Assay, Chemotaxis assay; bz, benzaldehyde; sa, sodium acetate.
All data are represented as mean == SEM. Additional strains and control strains are shown in
Table 1. Statistical difference from wild-type chemotaxis response (***p << 0.001) and from
wild-type associative plasticity response (*p << 0.05; ***p < 0.001) is shown by ANOVA
with Bonferroni post hoc; for pairwise comparisons between no pre-exposure (naive) and pre-
exposure treatments, only not significant (ns) is indicated. G—L, Anterior is to the left. G, H,
apl-1 expression as monitored by a GFP-tagged APL-1 protein. Some of the chemosensory
neurons can be visualized by Dil (red; G). Colocalizations are white. The ASJ chemosensory
neuron appears to express apl-1.1,J, Pan-neuronal expression of a GFP-tagged synaptic protein
RAB-3 GTPase () and APL-1 (J) using the rab-3 promoter. K, L, Expression of a GFP-tagged
vesicular protein SNB-1 (K) and APL-1 (L) driven by the snb-1 promoter. Note staining in the
somatic gonad. Scale bars, 50 Lm. M, Schematic representation of the structure of APL-1: Aand
B indicate sequences where APL-1 shares similarity with the insulin A and B peptide domains,
respectively. N, APL-1 shares sequence similarity with the B and A peptide domains of human
IGF-1 (hulGF1) and the C. elegans insulin-related peptides (DAF-28 and INS peptides; only se-
lected INS peptides shown); in addition, human IGF-1 has additional sequence similarities with
APL-1. The degree of sequence similarity is indicated by the color scale (top left), as defined by
the Expresso program; cons, strongly conserved amino acids indicated by dots; identical amino
acids are indicated by asterisks.
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and the transgenic strains overexpressing APL-1 or APL-1EXT do
not appear due to structural defects of the chemosensory
neurons.

Ectopic expression of APL-1 disrupts chemotaxis

apl-1is expressed in a subset of neurons that does not include the
chemosensory neurons AWC and ASE that mediate the initial
sensory responses to benzaldehyde and sodium acetate, respec-
tively (Bargmann and Horvitz, 1991b; Bargmann et al., 1993); in
addition, apl-1 is expressed in non-neuronal cells, such as
somatic gonad, supporting cells, muscles, seam cells, and vul-
val cells (Fig. 1G,H) (Hornsten et al., 2007; Niwa et al., 2008).
To determine whether ectopic apl-1 expression in AWC and
ASE would affect the chemotaxis response, we used a pan-
neuronal promoter, rab-3, to drive APL-1 expression in all
neurons (Fig. 1]). These transgenic animals, ynls104 [Prab-3::
apl-1 ¢cDNA:GFP] and ynIs112 [Prab-3:apl-1 cDNA:GFP],
showed wild-type chemotaxis responses to benzaldehyde and so-
dium acetate, indicating that apl-1 overexpression in the chemo-
sensory neurons does not disrupt their function (Fig. 1 E, F; Table
1). By contrast, when apl-1 is driven by the snb-1 promoter,
which drives expression not only pan-neuronally but also in nu-
merous other cell types such as the somatic gonad, seam cells,
hypodermis, and muscles (Fig. 1L), the transgenic ynlsl2
[Psnb-1::apl-1 cDNA], ynls13 [Psnb-1::apl-1 cDNA] and ynls109
[Psnb-1::apl-1 cDNA:GFP] lines showed poor chemotaxis re-
sponses to benzaldehyde and only slightly better responses to
sodium acetate (Fig. 1E, F; Table 1). Although APL-1 expres-
sion levels are higher in extracts from ynIs86 [Papl-1::apl-1] and
ynls79 [Papl-1::apl-1::GFP] animals than those from the ynIsi2
and ynIs13 [Psnb-1:apl-1 cDNA] strains (Hornsten et al., 2007),
the chemotaxis defects were more severe in the ynlsi12 and ynls13
strains (Fig. 1; Table 1), suggesting that the defect is more
dependent on where APL-1 is expressed than on how much
APL-1 is expressed. Again, the chemosensory neurons showed
wild-type morphologies in ynls12 and ynlsI3 animals, as as-
sayed by Dil staining or by driving RFP expression in AWC,
and no neurodegenerative characteristics, such as swollen
neuronal cells, vacuole-like structures in the head or nerve
ring regions, or excitotoxicity during development, were seen
(N>35 for each strain). As a further control, we tested
dvEx371 [Psnb-1::humanAPP,5, cDNA] and dvEx372 [Psnb-1::
humanAPP,5; ¢cDNA] transgenic animals, in which human
APP,, expression is driven by the snb- I promoter, to exclude any
nonspecific response caused by overexpression of any protein
similar to APL-1; human APP.,, does not rescue the apl-1I loss-
of-function lethality (data not shown). These transgenic animals
(dvEx371 and dvEx372) showed wild-type chemotaxis responses
to benzaldehyde and sodium acetate (Table 1). As a second con-
trol, we tested dvIs62 [Psnb-1::humanTDP-43] animals, in which
human TDP-43 expression is driven by the snb-1 promoter to
induce neurotoxicity, presumably through protein aggregation
or misfolding (Ash et al., 2010; Zhang et al., 2011). These dvIs62
animals showed a strong uncoordinated phenotype and did not
show a chemotaxis response to benzaldehyde or sodium ace-
tate (Table 1). Furthermore, inducing neurodegeneration in
glutaminergic interneurons by expressing a mutated GTP-
binding protein Gas (nuls5 [Pglr-1::GFP; Pglr-1:Gas(Q227L);
lin-15(+)]) (Berger et al., 1998) led to severe impairment of
the chemotaxis response (Table 1), which is not rescued by
pan-neuronal expression of APL-1 (ynIs104 [Prab-3:apl-1
cDNA::GFP]; Table 1). However, loss of glutaminergic receptors
did not affect the chemotaxic response (glr-1(ky176) glr-2(ak10);
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Table 1. The defect in chemosensory plasticity in transgenic animals with pan-neuronal APL-1 expression requires daf-16 FOX0, daf-12 NHR, and daf-7 TGF 3 activity”

Naive worms ~ Pre-exposure Naiveworms  Pre-exposure
Genotype and/or transgene Uiy = SEM - Clpyy = SEM r P P P U =SEM Oy =SEM T P P, Po
Wild type (N2) 0.768 = 0.021 0.135 £0.029 30 °° 0.770 = 0.014 0.210 = 0.017 30 o
apl-1(yn10)/+ 0.431 £ 0.085 0.063 £ 0.041 8 *** ns °° 0340 = 0.046  0.205 = 0.051 15 *** ns °
qlr-1(ky176) glr-2(ak10); nmr-1(ak4) 0.642 = 0.042 0.039 0051 7 ns ns °° 0767 =0.089 0597 0112 4 ns Tttt ns
Overexpression of APL-1 (and control strains)
apl-1(yn10); ynEx1130 [Papl-1::apl-1]° 0.516 = 0.061 02610098 4 * s °° 0508 =0.110 0309 *0.114 4 * s °
ynls86 [Papl—i::apl—l]b 0.554 = 0.097 03220037 8 ** ns °° 0427 £0.060 0362 *=0.044 5 *** ng ns
ynis79 [Papl-1::apl-1::GFP] 0.276 = 0.100 0.184 = 0.069 4 *** ns ns 0401 =0.087 0.297 £0.065 4 *** ns ns
apl-1(yn5) 0.669 = 0.056  0.205*=0.079 13 ns ns °° 0522 +0.030 045 0071 7 *** s ns
ynis71[Papl-T:apl-1(yn3) |’ 0.736 = 0.051 0.161£0.039 9 ns ns ®° 05610099 0480 +0063 3 ns * ns
ynis107 [Papl-1::apl-1 (mut)::GFP]*9 0.818 = 0.015 0210 +=0.084 3 ns ns °° 0.746 = 0.061 03040026 4 ns ns o0
ynis108[Papl-1::apl-1 A:GFP] 0.755 £ 0.042 0172+£0.142 3 ns ns °° 073520152 0145+009 3 ns ns
Pan-neuronal expression of APL-1 (and control strains)
ynls104[Prab-3::apl-1 cDNA::GFP]* 0797 £0.023 0661002 30 ns " ns 073720025 06240026 30 ns tT ns
ynis112 [Prab-3:apl-1 (DNA::GFP]® 0747 £0.026 06640035 23 ns "7 s 07050027 06210027 22 ns T ons
JsIs682 [Prab-3:: GFP::RAB-3] 0.682 = 0.038 0137 £0.033 6 ns ns °° 07220024 02580030 3 ns ns e
Ectopic expression of APL-1 (and control strains)
ynis12 [Psnb-T:apl-1 cDNAT? 0.060 =+ 0.022 0.031 £0.025 8 ** ns ns 0291 £0.043 0.181 0060 6 *** ns °
ynls13 [Psnb-T:qpl-1 DNA]? 0.189 = 0.062 0.099 £0.053 7 *** ns ns 0309 =0.045 01640075 5 *** ns °
ynls109 [Psnb-1::apl-1::GFP] 0.073 = 0.036 0.054 £0.056 4 *** ns ns  0.065*=0.025 0.051*£0.024 5 *** ns ns
vsls13 [fin-15(+)]¢ 0.764 = 0.079 0.205+0.038 3 ns ns °°0.697 =0.0600 0.130=0.106 3 ns ns
Expression of APL-1n sensory neurons (and control strains)
ynEx214Pceh-36:: apl-1 (DNA:GFP]° 0.608 = 0.045 02930097 10 ns ns °° ND ND
ynEx215 [ Pceh-36:: apl-1 (DNA::GFP]°® 0.655 = 0.065 0386 0119 9 ns ns ° ND ND
ynEx212 [ Pmec-4:: apl-1 (DNA::GFP]® 0.701 =0.058  0.283+0080 9 ns ns °° ND ND
ynEx213 [Pmec-4:: apl-1 (DNA:GFP]* 0517 20125  0295+0081 7 * ns ° ND ND
ynis115[Pmyo-3::mCherry|° 0745+ 0063 00380092 2 ns ns °° ND ND
daf-2 mutant background
daf-2(e1370) 0.875+0.035 057520080 19 ns T ° 06260053 04750038 15 ns T ons
daf-2(e1370); daf-16(mu86) 0.655 * 0.038 0.202 £0.024 16 ns ns °° 0563 =0.064 02340035 11 ** ns
daf-2(e1370); daf-16(mgDf50) 0.720 = 0.023 02590156 3 ns ns °©° ND ND
daf-2(e1370); daf-16(mgDf50); IplsT4 [DAF-16f:GFP] ~ 0.674 = 0.068  0.556 =0.061 10 ns *** ns 0568 = 0038 03650061 9 * °
daf-2(e1370); ynis86 [ Papl-1::apl-1] 0.795 £ 0.037 0465 +0069 12 ns 7T ° 0559 +0032 04110153 3 * FF g
daf-2(e1370); ynls79 [ Papl-1::apl-1::GFP] 07340071 04660063 3 ns Tt ° 04610068 0291+0065 6 ** ns °
daf-2(e1370); apl-1(yn5) 0716 = 0.065 0447 0063 11 ns % ° 05490086 03890097 5 ** * °
daf-2(e1370); ynls104 [Prab-3:: apl-1 (DNA::GFP] 0.735 £ 0.118 0514008 6 ns FTTFT ns 04350060 043720098 4 * T ns
daf-2(e1370); ynls12 [Psnb-1::apl-1 (DNA] 0.539 = 0062 0372+0122 9 * + ns ND ND
daf-7 mutant background
daf-7(e1372) 0.588 + 0.071 0.045+£0029 9 ns ns °° 0713003 0406 +0063 6 ns ns e
daf-7(e1372); ynls79[ Papl-1::apl-1::GFP] 0.033 £0.014 —0.034£0.021 4 ** ns ns 02120152 01540069 5 *** ns ns
daf-7(e1372); ynls104 [ Prab-3::apl-1 ONA:GFP] 0.733 = 0.047 0.074 0046 9 ns ns °° 0.610 = 0.053 0.151=0.051 6 ns ns o0
daf-7(e1372); ynls12 [ Psnb-T::apl-1 cDNA] 0.585 + 0.138 0.028 0028 5 ns ns *° 06910068 0450 +0.112 4 ns
daf-12 mutant background
daf-12(m20) 0.673 = 0.054 03210073 13 ns *7 0779 +0.035 02690049 9 ns ns o
daf-12(m20); ynls104 [Prab-3::apl-1 cDNA::GFP] 0.734 £ 0.049 0152 £0.045 13 ns ns °° 0.684 =0.074 04040060 7 ns
daf-12(m20); ynls12 [ Psnb-1::apl-1 (DNA] 0.757 = 0.028 03630071 9 ns 7 0546 +0.038 03230130 4 * ns °
daf-16 mutant background
daf-16(mu86) 0.737 £ 0.049 0.165+0.039 12 ns ns °° 0477 =0.064 0.085 =0.029 12 *** ns
daf-16(mgDf50) 0.653 = 0.157 0.228 £0.037 10 ns ns °° 0527 +£0.079 0028009 4 ** ns e
daf-16(mu86); ynis79 [ Papl-1::apl-1::GFP] 0.267 =0.050 0223 +0.056 6 *** ns ns ND ND
daf-16(mu86); ynls104 [ Prab-3::apl-1 (DNA::GFP] 0.733 £ 0.050 0.165+0.039 10 ns ns °° 0585 *=0.05 0.161 0037 11 ** ns
daf-16(mgDf50); ynls104[ Prab-3::apl-1 ONA::GFP] 0.759 = 0.039 0.135+0.057 10 ns ns °° 0477 =0.092 030 =0.077 4 *** ns o0
daf-16(mu86); ynls12 [ Psnb-1::apl-1 DNA] 0.125 £ 0.025 —0.019=0.052 12 ** ns ° 01630062 01210037 7 ** ns ns
daf-16(mu86); ynls13 [Psnb-1::apl-1 cDNA] 0.194 = 0.062 0.084 £0.031 7 *** ns ° ND ND
Ectopic expression of human APP
dvEx371 [Psnb-l::humanAPP751]f 0539 =0.110 —0.015%0.053 11 ns ns ¢ 0574+0121 02230061 4 ns ns o
dvEx372 [Psnb-T::humanAPP,, 1" 0.618 £ 0.056  0.049 =0.03 10 ns ns °° 0610 =0.055 0234+0.134 6 ns ns
Induction of neurodegeneration
dvis62 [Psnb-l::humanTDP-43]f 0.000 == 0.000 0.000 =0.000 6 *** ns ns  0.000 = 0.000 0.000*=0.000 3 *** ns ns
nuls5 [Pglr-1:Gas(Q2270) 1Y 0.032 £ 0.023 0.181 £0.078 3 ** ns ns ND ND
nulss; ynls104 [ Prab-3::apl-1 cDNA::GFP] 0.185=0.094  0.070 £0.035 3 *** nps ns  ND ND

(Table continues.)
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Table 1. Continued

Ewald et al. @ APL-1 Expression Disrupts Behavioral Plasticity

Naive worms Pre-exposure Naive worms Pre-exposure
Genotype and/or transgene Clppzy = SEM Cppyy = SEM T P, P, P Uy ESEM gy = SEM r P P Py
Four hour up-shift to 25°C
Wild type (N2) at 25°C 0.734 £ 0.061 0.196 = 0.106 9 ND ND
daf-16(mgDf50) at 25°C 0.478 £ 0.150 0.119 = 0.055 8 ns ns ND ND
daf-2(e1370) at 25°C 0467 +0.061 04660059 9 ns  **Tng ND ND
daf-2(e1370); daf-16(mgDf50) at 25°C 0.410 £ 0.041 0.424 = 0.077 8 * A ns ND ND

“Each trial consisted of 100 ~200 worms. All data are represented as mean == SEM. A two-way ANOVA revealed a main effect of conditioning for benzaldehyde (F, 55) = 822.9, p <<0.0001) and sodium acetate (F; 5;=399.0, p << 0.0001)
and amain effect of strain for benzaldehyde (F; 55=19.6, p << 0.0001) and sodium acetate (F; 5;) = 12.2, p < 0.0001. Statistically different from wild-type chemotaxis response (P, = *p << 0.05; **p << 0.01; ***p << 0.001) and from
wild-type associative plasticity response (P, = *p < 0.05; *"p < 0.01; ¥ p < 0.001), two-way ANOVA with Bonferroni post hoc; for pair-wise comparisons between no pre-exposure (naive) and pre-exposure conditioning

treatments are indicated (P,,, = p < 0.05; *®p<< 0.01; °**p < 0.001). ns, Not significant; ND, not determined.
®Coinjection marker SUR-5::GFP.

“Coinjection marker Pmyo-2::GFP.

4Coinjection marker fin-15(+).

“Coinjection marker Pmyo-3::mCherry.

"Coinjection marker Pmt}-2::GFP.

9 apl-1(mut)::GFP]=Papl-1::apl(yn32/D342C/5362C)::GFP].

" apl-1A:GFP] = [apl-1(Aheparin AE2 domains)::GFP].

nmr-1(ak4); Table 1). Collectively, these results indicate that the
decreased chemotaxis responses seen in animals overexpressing
APL-1 do not appear to be due to structural defects in the che-
mosensory neurons, but in signaling within the neurons or in
cells outside the nervous system. Alternatively, the snb-1 and
apl-1 promoters may drive higher relative levels of APL-1 expres-
sion in neurons than the rab-3 promoter, thereby disrupting neu-
ronal function. However, transgenic animals in which APL-1
expression was driven by the snb-1 or apl-1 promoters responded
normally on other sensory modalities and/or in different mutant
backgrounds (see below, Impaired chemotaxis responses require
the insulin/IGF-1 and TGF-f signaling pathways).

Pan-neuronal APL-1 expression disrupts associative

plasticity behavior

As with other organisms, C. elegans shows associative plasticity
(Wen et al., 1997). Wild-type animals pre-exposed to the che-
moattractant benzaldehyde (or sodium acetate) in the absence of
food for 60 min (benzaldehyde conditioning) showed signifi-
cantly reduced chemotaxis responses to benzaldehyde (or so-
dium acetate), such that the chemotaxis indices were now much
lower than those of naive animals (Fig. 1C,D) (Colbert and Barg-
mann, 1995; Tomioka et al., 2006; Lin et al., 2010); this decreased
response after benzaldehyde (or sodium acetate) conditioning
will hereafter be referred to as chemosensory or associative plas-
ticity. The chemosensory plasticity response was detected with as
little as 30 min pairing of benzaldehyde (or sodium acetate) and
starvation, and the chemosensory plasticity response was greater
as the pairing time was increased from 30 to 150 min (Fig. 2C,D)
(Colbert and Bargmann, 1995; Lin et al., 2010). Hence, pairing of
a chemoattractant with starvation changes chemical preference,
demonstrating that C. elegans displays behavioral plasticity to-
ward benzaldehyde and sodium acetate (Colbert and Bargmann,
1995; Tomioka et al., 2006; Lin et al., 2010).

To determine how long the association between the chemoat-
tractant and starvation persists, wild-type animals were exposed
for 60 min to benzaldehyde or sodium acetate under starvation
conditions and transferred to plates without a food source or test
chemical for 30 min intervals up to 240 min before assaying for
chemotaxis (Fig. 2 E, F). The animals continued to show the che-
mosensory plasticity response for 120 min, after which point the
animals began to show an increased attraction toward the chem-
icals (Fig. 2G,H). Hence, this chemosensory plasticity response
lasts about 2 h, suggesting a stable memory. Consistent with this

observation, mutants [glr-1(ky176) glr-2(ak10); nmr-1(ak4)]
with impaired AMPA or NMDA receptors that mediate long
term potentiation did not show a compromised chemosensory
plasticity response toward benzaldehyde (Table 1).

We examined the chemosensory plasticity response in trans-
genic APL-1 overexpression animals that showed a chemotaxis
response. Transgenic animals carrying an apl-1 genomic frag-
ment (ynls86) showed a chemosensory plasticity response to
benzaldehyde, but not to sodium acetate (Table 1). Similarly,
animals that overexpressed only APL-1EXT, apl-1(yn5) mutants
and ynls71 [Papl-1:apl-1(yn5)] transgenic animals, showed a
chemosensory plasticity response to benzaldehyde, but not to
sodium acetate (Fig. 1C,D; Table 1). Hence, overexpression of
APL-1 or APL-1EXT disrupts chemosensory plasticity to sodium
acetate.

Surprisingly, after pairing benzaldehyde (or sodium acetate)
to starvation, animals with pan-neuronal APL-1 expression
(ynlIs104 and ynIs112 [Prab-3::APL-1::GFP]) showed no chemo-
sensory plasticity response to either benzaldehyde (or sodium
acetate) for at least 120 min after exposure (Figs. 1E,F, 2C,D;
Table 1). Indeed, only when pairing times of benzaldehyde (or
sodium acetate) with starvation was increased to 150 min did
ynls104 [Prab-3:apl-1 cDNA::GFP] animals start to show asso-
ciative plasticity (Fig. 2C,D). This requirement for an increased
pairing time for ynIs104 [Prab-3::apl-1 cDNA::GFP] animals to
show associative plasticity was not due to a decreased sensitivity
to benzaldehyde, as the animals showed wild-type sensitivity to
dilutions of benzaldehyde (Fig. 21); furthermore, the transgenic
animals showed wild-type avoidance to exposure to high-
osmolar concentrations of sodium acetate (Fig. 2J) and wild-type
responses to the absence of food (Fig. 2 K). As a control to exclude
the possibility that any protein overexpressed pan-neuronally af-
fects the chemosensory plasticity response, we assayed js[s682
[Prab-3::GFP::rab-3] transgenic animals in which a GFP-tagged
RAB-3 GTPase is expressed under the rab-3 promoter; these an-
imals showed wild-type chemosensory plasticity responses to
benzaldehyde and sodium acetate (Table 1).

To confirm that the chemosensory plasticity toward benzal-
dehyde and sodium acetate was due to pairing of the chemoat-
tractant with starvation, we exposed wild-type animals to sodium
acetate in the absence of food for 60 min and assayed their re-
sponse to benzaldehyde. Wild-type animals were attracted to
benzaldehyde (Fig. 2 L), indicating that the starvation state of the
animal does not affect chemotaxis responses. Hence, although
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Figure2.  Wild-type animals show chemosensory plasticity, whereas transgenic animals expressing high levels of APL-1 only in
neurons show little associative learning. 4, B, Schematic representation of different pairing times of the chemoattractant benzal-
dehyde (4) or sodium acetate (B) with absence of food (30 —240 min). €, D, Wild-type animals started to show associative plasticity
after a 30 min pairing of chemoattractant and starvation; avoidance to the chemoattractants increased as the pairing time with
starvation increased. After 150 min of pairing the chemoattractant with starvation, the chemoattractants became repulsive. By
contrast, ynls104 [Prab-3::apl-1 c(DNA::GFP] transgenic animals, which overexpress APL-1 pan-neuronally, showed a strong asso-
ciative plasticity response only after 150 min of pairing. C, Six trials; D, five trials. A two-way ANOVA revealed a main effect of
pre-exposure time (benzaldehyde: Fg ;) = 29.5, p << 0.0001; sodium acetate: F5 ;) = 16.2, p < 0.0001) and a main effect for
strain (benzaldehyde: F g ;) = 10.8, p << 0.0001; sodium acetate: f; ,, = 10.4, p = 0.0121). Statistical difference from wild-type
associative plasticity response for the same pre-exposure time (*p << 0.05; ***p << 0.001) is shown by two-way ANOVA with
Bonferroni post hoc. E, F, Animals were pre-exposed for 1 to the chemoattractant, washed, and placed on empty agar plates for
30240 min before their chemotaxis response was measured. G, H, Wild-type animals maintained the associative plasticity
response for at least 2 h, whereas ynls 104 [Prab-3::apl- 1 cDNA::GFP] animals did not show a strong associative plasticity response
for the entire time. G, Three trials; H, four trials. A two-way ANOVA revealed a main effect of recovery time (on empty plates;
benzaldehyde: F g ;, = 3.1, p = 0.0077; sodium acetate: f 5 ,, = 7.3, p = 0.0001) and a main effect for strain (benzaldehyde:
Fio1y = 6.3, p = 0.0066; sodium acetate, F5 ;) = 22.0, p = 0.0033). Statistical difference from wild-type associative plasticity
response for the same recovery time (**p << 0.01; ***p < 0.001) is shown by two-way ANOVA with Bonferroni post hoc. I, Animals
were exposed to serial dilutions of benzaldehyde (four trials). A two-way ANOVA revealed a main effect of dilutions (F 5 ,, = 87.9,
p < 0.0001) and no main effect for strain (F5 ;) = 0.509, p = 0.5023). J, Wild-type and ynls104 [Prab-3::apl-T (DNA::GFP]
animals showed high-osmolarity avoidance behavior. 1, Osmolarity index; seven trials, not significant by two-tailed paired ¢ test,
tey = 0.37 p = 0.725. K, In the absence of food, wild-type animals lay fewer eggs on plates with no food compared to on a food source;
ynls104 [Prab-3::apl-1 (DNAT::GFP] animals also laid fewer eggs in the absence of food (three trials). A two-way ANOVA revealed a main
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pan-neuronal APL-1 expression does not
disrupt chemotaxis, this expression dis-
rupts the associative plasticity response to
both benzaldehyde and sodium acetate.

Impaired chemotaxis responses require
the insulin/IGF-1 and TGF-£3

signaling pathways

In C. elegans the absence of food or over-
population induces animals to undergo
an alternative life cycle and form dauer
larva. At least three pathways act in paral-
lel to integrate sensory information, such
as starvation, with developmental deci-
sions: (1) DAF-2 insulin/IGF-1 receptor
signaling, which promotes the phosphor-
ylation of a FOXO transcription factor
DAF-16 to prevent movement of DAF-16
into the nucleus to activate target genes
that regulate dauer formation, stress resis-
tance, and longevity (Fig. 3A); (2) DAF-7
TGEF ssignaling (Fig. 3A); and (3) DAF-11
cyclic GMP signaling. The three pathways
converge on the DAF-12 nuclear hor-
mone receptor (NHR), which acts as a
switch between reproductive growth and
dauer formation (Daniels et al., 2000). Re-
ducing the activity of any one of the three
pathways can induce dauer formation
(Daniels et al., 2000). To determine
whether the impaired chemotaxis re-
sponse in transgenic animals carrying an
apl-1 genomic fragment or Psnb-1::apl-1
cDNA transgene requires signaling from
one of these pathways, we first character-
ized the chemotaxis and associative plas-
ticity responses of mutants from two
of the pathways; mutants in the daf-11
c¢GMP branch are completely chemotaxis
defective and could not be assayed. Al-
though daf-12(m20) NHR mutants
show an impaired chemotaxis response
toward butanone (Daniels et al., 2000), daf-
12(m20) mutants showed wild-type che-
moattractive responses to benzaldehyde
and sodium acetate (Fig. 3C,D; Table 1).
Similarly, daf-2(e1370) reduction of func-
tion mutants and daf-16(mu86) or daf-
16(mgDf50) null mutants showed wild-type
chemoattractive responses, while daf-

<«

effect of no food condition (F; ;) = 33.6, p = 0.0044) and no
main effect for strain (F, ;) = 0.005, p = 0.9471). L, Wild-
type or ynls104 [Prab-3::apl-1 (DNA::GFP] animals were pre-
exposed for 60 min in the absence of food to sodium acetate
(sa) and their chemotaxic response to benzaldehyde (hz) was
determined. Pre-exposure to sodium acetate does not affect
benzaldehyde chemotaxis (five trials). A two-way ANOVA
revealed no main effect of sa pre-exposure (F, ;) = 2.2,p =
0.1724) and no main effect for strain (F; ;) = 0.6, p =
0.4607). For C, D, G, H, 1,J, L, each trial consisted of 100 -200
worms per strain per condition tested.
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Figure 3.  The impaired chemosensory plasticity response in transgenic animals with pan-
neuronal APL-1 expression requires daf-16 FOXO, daf-12 NHR, and daf-7 TGF3 activity. 4,
Schematic showing how environmental conditions are translated by the TGF3 and insulin/
IGF-1 pathways for dauer formation; these pathways also regulate olfactory plasticity (Daniels
et al., 2000; Fielenbach and Antebi, 2008). B, Transgenic animals carrying an apl-7 genomic
fragment fused to GFP (yn/s79 [Papl-1::apl-1::GFP]) showed poor chemotaxis to benzaldehyde.
The chemotaxis response was rescued with decreased daf-2 insulin/IGF-1 receptor activity. C,
Transgenic animals with ectopic apl-1 expression (yn/s12 [Psnb-1::apl-1]) showed no che-
motaxis to benzaldehyde, but the chemotaxis response was rescued with decreased activity of
daf-2insulin/IGF-1 receptor, daf-7 TGF 3, and daf-12 NHR activity. D, Pan-neuronal overexpres-
sion of apl-1 (ynls104 [Prab-3::apl-1 c(DNA::GFP]) disrupted chemosensory plasticity. The che-
mosensory plasticity response was restored when daf-16 FOXO, daf-7 TGF3, and daf-12 NHR
activity were decreased. Each trial consisted of about 100-200 worms. Assay, Chemotaxis
assay; bz, benzaldehyde; sa, sodium acetate. B—D, More than five trials each. All data are
represented as mean == SEM. For statistical details, please see Figure 1 legend. Statistical
difference from wild-type chemotaxis response (*p << 0.05; ***p << 0.001) and from wild-type avoidance
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7(e1372) mutants showed slightly lowered chemoattractive re-
sponses to benzaldehyde (Fig. 3B—D; Table 1). For sodium acetate,
daf-2(e1370), daf-16(mu86), or daf-16(mgDf50) mutants showed
decreased chemoattraction, whereas daf-7(e1372) mutants showed
wild-type chemoattraction (Table 1). Collectively, these results sug-
gest that daf-12, daf-2, daf-16, and daf-7 are not required for che-
moattraction to benzaldehyde or sodium acetate.

Transgenic animals carrying an apl- I genomic fragment fused
to GFP (i.e., ynIs79 [Papl-1::apl-1::GFP] transgenic animals)
showed a poor chemotaxis response to benzaldehyde (Figs. 1C,
3B; Table 1). However, when daf-2 insulin/IGF-1 receptor activ-
ity was decreased, ynls79 [Papl-1::apl-1 cDNA::GFP] transgenic
animals showed a robust chemosensory response (Fig. 3B; Table
1). This rescued chemosensory response by decreasing daf-2 ac-
tivity may be due to increased daf-16 FOXO activity. Consistent
with this possibility, decreasing the activity of daf-16 FOXO did
not restore the chemosensory response in ynls79 [Papl-1::apl-1
cDNA::GFP] transgenic animals (Fig. 3B; Table 1). Hence,
the impaired ability to chemotax in ynIs79 [Papl-1:apl-1
cDNA::GFP] transgenic animals requires activation of the insulin
pathway to decrease daf-16 FOXO activity. Transgenic animals
carrying the Psnb-I::apl-1 ¢cDNA transgene showed no che-
motaxis response in a wild-type background (Fig. 1 E, F; Table 1);
these animals (ynIs12 [Psnb-1:apl-1 cDNA]) showed a robust
chemotaxis response to benzaldehyde and sodium acetate when
daf-2 insulin/IGF-1 receptor, daf-12 NHR activity, and daf-7
TGEFp signaling were decreased (Fig. 3C; Table 1), but not when
daf-16 FOXO activity was decreased (Fig. 3C; Table 1). The im-
paired ability to chemotax when APL-1 is overexpressed with the
snb-1 promoter, therefore, requires activation of the TGFf3 and
DAF-12 NHR pathways. Hence, depending on the cells in which
apl-1 is expressed, apl-1 signaling modulates different metabolic
pathways to affect the chemotaxis response.

The impaired associative plasticity response in transgenic
animals with pan-neuronal APL-1 expression requires daf-16
FOXO and daf-12 NHR activity

daf-16(mu86 and mgDf50) and daf-7(el1372) mutants showed
wild-type associative plasticity responses to benzaldehyde and
sodium acetate, whereas daf-2(e1370) and daf-12(m20) mutants
showed impaired or slightly impaired associative plasticity re-
sponses, respectively (Fig. 3; Table 1) (Tomioka et al., 2006; Lin et
al., 2010). DAF-2 insulin/IGF-1 receptor activity negatively reg-
ulates daf-16 FOXO; in addition, the longevity and dauer pheno-
types of daf-2 mutants require daf-16 FOXO activity (Lin et al.,
1997; Ogg et al., 1997). Similarly, daf-2(e1370); daf-16(mu86) or
daf-2(e1370); daf-16(mgDf50) double mutants showed a wild-
type or daf-16 chemosensory plasticity behavior at 20°C (Table
1), suggesting that daf-16 FOXO activity is required for the im-
paired associative plasticity response of daf-2 insulin/IGF-1 re-
ceptor mutants. These findings are in contrast to observations
from Tomioka et al. (2006), who reported that salt chemotaxis
learning defects in daf-2 mutants was mediated independently of
daf-16. These differences can be due to use of different salts (so-
dium acetate, which mainly activates the ASEL neuron, versus
sodium chloride, which activates both the ASEL and ASER neu-
rons) and different temperatures used during the assays and con-

<«

response (* *p << 0.01; **+p < 0.001) to wild-type, two-way ANOVA with Bonferroni post
hoc; for pairwise comparisons between no pre-exposure (naive) and pre-exposure treatments,
only not significant (ns) are indicated.
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Figure 4.  APL-1 expression in sensory neurons impairs touch habituation. A, B, Animals were touched with an eyebrow hair
sequentially on the head and tail with an average interstimulus interval of 1.6 s (4) or 10 s (B) until the animal became touch
unresponsive. At different time points, the animals were tested again by sequential head—tail touches until they no longer
responded. h, = initial number of consecutive head and tail touches until no response for one animal; h, = number of consecutive
head and tail touches until no response at given time points after the animal became touch insensitive. €, D, Animals were touched
with an eyebrow hair sequentially on the head and tail with an average interstimulus interval of 1.6 s. Transgenic strains are as
follows (see Materials and Methods for more details about strains, including the coinjection markers; transgene is indicated in
brackets): ynls107 [Papl-1::apl-1(yn32/D342(/S362C)::GFP] (the yn32 mutation is an ap/-1 null mutation), yn/s86 [Papl-1::apl-1],
ynis79 [Papl-1::apl-1::GFP], ynls104 [Prab-3:apl-1 DNA:GFP], ynls112 [Prab-3::apl-1 <DNA:GFP], ynis91 [Prab-3:apl-1
(DNA::GFP], ynls12 [Psnb-T::apl-1 <DNA], ynls13 [Psnb-T::apl-1 <DNA], ynls109 [Psnb-T1::apl-1 <DNA], ynEx212 [Pmec-4::apl-1
(DNA::GFP], ynEx213 [Pmec-4::apl-1 (DNA::GFP], ynEx214 [Pceh-36::apl-1 c(DNA::GFP], ynEx215 [Pceh-36::apl-1 cDNA::GFP]. All
dataarerepresented asmean = SEM. The promoters used to drive expression or the mutant background of the animalsis indicated
above the lines. N, Number of animals, trials, >3. Additional strains tested: transgenic strains containing integrated arrays of
Pmec-4::apl-1 (DNA::GFP: ynls113: head 8.1 = 0.4, tail 8.1 == 0.4, N = 155, p < 0.01; ynls174: head 8.1 = 0.4, tail 7.7 == 0.4,
N = 131,p < 0.01. Control strains were as follows: js/s 7 [Psnb-1::snb-1::GFP] head 6.9 = 0.2, tail 6.5 = 0.2, N = 139, p > 0.05;
JjsIs682 [Prab-3::GFP::rab-3] head 6.1 = 0.2, tail 6.0 == 0.2, N = 130, p > 0.05; dvEx371[Psnb-1::humanAPP751] head 4.7 = 0.2,
tail 4.7 = 0.2, N = 84, p > 0.05; dvEx372 [Psnb-1::humanAPP751] head 4.1 == 0.2, tail 4.0 == 0.2, N = 83, p > 0.05; dvis62
[Psnb-1::humanTDP-43] head 1.2 £ 0.2, tail 1.2 £ 0.2, N = 71, p > 0.05; daf-2(e1370) head 7.3 = 0.2, tail 7.6 = 0.2, N = 329,
p > 0.05; daf-16(mu86); daf-2(e1370); mukx169 [Punc-119::GFP::DAF-16] head 13.2 = 0.7, tail 12.68 == 0.5, N = 125,p <
0.001; daf-16(mgDf50); daf-2(e1370); Ipls14 [Pdaf-16::DAF-16f::GFP] head 11.1 == 0.5, tail 10.5 = 0.4, N = 136, p << 0.001; N2
at25°Chead 6.5 = 0.3, tail 6.2 = 0.3, N = 46, p > 0.05; daf-2(e1370) at 25°Chead 8.3 == 0.4, tail 8.3 == 0.4, N = 35,p << 0.05.
A: N> 30, atwo-way ANOVA revealed a main effect of recovery time (F ;, = 38.95, p < 0.0001) and no main effect for strain
(Fie,y = 1.4 p = 0.2440). B: N > 30, one-way ANOVA with Tukey post hoc (F, = 888.1, p << 0.0001). C, D: ***p << 0.001 to
wild-type, one-way ANOVA with Tukey post hoc (Fgg) = 73.12 p << 0.0001).
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not show associative plasticity (Fig. 1 E). In
a daf-16(mu86) or daf-16(mgDf50) back-
ground, however, ynIs104 [Prab-3:apl-1
cDNA:GFP] transgenic animals showed
wild-type associative plasticity responses to-
ward benzaldehyde and sodium acetate
(Fig. 3D; Table 1). Similarly, in daf-12(m20)
NHR and daf-7(e1372) TGFP mutant back-
grounds, ynls104 [Prab-3:apl-1 cDNA::
GFP] transgenic animals showed associative
plasticity responses to benzaldehyde and so-
dium acetate similar to or more robustly
than those of daf-12(mu20) or daf-7(el372)
single mutants (Fig. 3D; Table 1). These re-
sults suggest that the impaired chemosen-
sory plasticity responses in transgenic
animals with pan-neuronal APL-1 expres-
sion require the TGFf and/or DAF-12 NHR
pathways and decreased insulin signaling.

Neuronal overexpression of APL-1
diminishes touch

habituation

The lack of associative learning in the che-
mosensory plasticity response in animals
with pan-neuronal APL-1 expression may
be restricted to chemosensation or may
represent a general impairment with
learning of other behaviors as well. To dis-
tinguish between these alternatives, we
examined a different sensory modality,
gentle body touch, which is mediated by
six mechanosensory or touch neurons
(Chalfie etal., 1985). A gentle touch to the
animal’s head causes the animal to move
backwards, whereas a gentle touch to the
animal’s tail causes it to move forward;
responses to anterior and posterior touch
are mediated through anterior and poste-
rior mechanosensory neural circuits, re-
spectively (Chalfie and Sulston, 1981).
When wild-type animals are touched re-
peatedly on the head or tail, they no longer
respond but habituate to the touch stim-
ulus (Chalfie and Sulston, 1981). When

ditioning exposures (20°C versus 25°C). daf-2(el1370) is a
temperature-sensitive allele, whereby 25°C is the restrictive
temperature and 20°C is a partially permissive temperature
(Gems et al., 1998). When we performed a temperature up-shift
to 25°C for 4 h before the assays and benzaldehyde conditioning,
the daf-2(e1370) impairment in plasticity were not rescued in a
daf-16(mgDf50) mutant background (Table 1). These results sug-
gest that under conditions of partial daf-2 activity at 20°C, the
defect in associative plasticity in daf-2(el1370) mutants is medi-
ated through daf-16/FOXO activity, whereas under conditions of
complete daf-2 functional impairment (i.e., at 25°C), the defect
in associative plasticity in daf-2(el1370) mutants is mediated in-
dependently of daf-16 activity.

To investigate whether signaling in the dauer and stress pathways
also affects the neuronal APL-1 associative plasticity response, we
examined transgenic animals with pan-neuronal APL-1 expres-
sion; ynls104 [Prab-3:apl-1 c¢DNA:GFP] transgenic animals
showed a wild-type chemotaxis response to benzaldehyde but did

the interstimulus interval is 10 s between head touches, we found
that the animals no longer responded after 10.6 = 0.2 touches
(N = 39), similar to what was previously reported (Xu et al.,
2002). To better characterize this response, we modified the
touch paradigm whereby animals were touched on the head, al-
lowed to move backwards, touched on the tail, allowed to move
forward, and then touched on the head again to restart the cycle;
one cycle, therefore, is composed of one head touch followed by a
tail touch. When the ISI between the head and tail touches aver-
aged 1.6 = 0.2 s (N = 129), wild-type animals no longer re-
sponded, i.e., became touch unresponsive after six touch cycles
(6.2 = 0.2 touches to the head and tail; N = 244) (Fig. 4C). To
determine the rate of spontaneous recovery, we calculated an
h/h, index, where h,, is the initial number of consecutive head
and tail touch cycles until no touch response for one animal, and
h, is the number of consecutive head and tail touches until no
touch response at given time points after the animal became un-
responsive to touch; an h,/h, value of 1 indicates full recovery.
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Wild-type animals took between 10 to 20 A
min to show full recovery (Fig. 4A). To 1

distinguish whether this decreased re- 0.75
sponse corresponds to habituation or sen- 505
sory fatigue, we examined whether 0.25

increasing the ISI would increase the 0
spontaneous recovery time, as would be
expected in habituation (Rankin et al.,
2009). When the IST was increased to 10 s,
wild-type animals became touch unre-
sponsive after 13 cycles of head-tail
touches (13.1 = 0.2 head touches; 12.6 =
0.3 tail touches; N = 40); full recovery of
the touch response occurred after 30 min
(Fig. 4B), suggesting that the decreased
response to repeated touch stimuli corre-
sponds to habituation. We also examined
the effect of increasing the intercycle in-
terval between head—tail touch cycles to
10 s (i.e., head—tail interval was 1.6 s and
intercycle interval was 10 s); wild-type animals became touch
unresponsive after 15.2 0.2 cycles (N = 42), again suggesting
that the decreased response to repeated touch stimuli is due to
habituation rather than sensory fatigue.

We tested different apl-1 overexpression strains for habitua-
tion to repeated head—tail touch cycles with an average ISTof 1.6 s.
Heterozygous apl-1(yn10) and homozygous apl-1(yn5) mutants
and transgenic animals carrying an apl-1 genomic fragment or a
mutated apl-1 fragment showed wild-type habituation (Fig. 4C),
indicating that modulating APL-1 levels does not disrupt this
sensory modality, presumably because apl-1I is not expressed in
the six mechanosensory neurons or other neurons in the mecha-
nosensory neural circuit. By contrast, transgenic animals with
APL-1 expression driven by the pan-neuronal rab-3 promoter
(ynIs91, ynlIs104, ynls112) or ectopic (including pan-neuronal)
expression driven by the snb-1 promoter (ynls12, ynls13, ynIs109)
needed significantly more head-tail stimuli before they habitu-
ated (Fig. 4D); the recovery rate of the animals, however, was
similar to that of wild type (data not shown). Again, overexpres-
sion of a human APP,;; ¢cDNA driven by the snb-1 promoter
(dvEx371, dvEx372) did not affect touch habituation (Fig. 4D
legend). These results indicate that pan-neuronal APL-1 expres-
sion disrupts learning responses to multiple behaviors.

daf-12(m20) and daf-16(mu86) mutants showed wild-type
touch habituation (Fig. 4 D). The impaired habituation response
of transgenic animals with pan-neuronal APL-1 expression is
suppressed in a daf-12(m20) or daf-16(mu86) mutant back-
ground (Fig. 4 D), suggesting that daf-12 NHR and daf-16 FOXO
activity are required downstream of APL-1 signaling to inhibit
touch habituation.

wild type
ynis14

Figure 5.

0.0001).

Expression of APL-1 in chemosensory or touch neurons is
sufficient to disrupt the touch habituation response

Because transgenic animals in which APL-1 is pan-neuronally ex-
pressed showed touch habituation defects, whereas animals in which
APL-1 is expressed with the apl-1 promoter did not, APL-1 disrup-
tion of the habituation response could lie within the touch cells. To
determine the site of apl-1 action in disrupting touch habituation, we
generated transgenic animals (ynEx212 and ynEx213) in which
APL-1 expression was driven by the touch cell-specific promoter
mec-4 (Lai et al., 1996). Like the transgenic animals in which APL-1
is pan-neuronally expressed, transgenic animals carrying the
Pmec-4::apl-1 cDNA:GFP construct needed significantly more

benzaldehyde
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Short induction of APL-1 overexpression is sufficient to disrupt the chemotaxis response and to diminish touch
habituation. At 20°C, ynls14 [Phsp-16.2::apl-1 (DNA] animals showed wild-type chemosensory plasticity toward benzaldehyde
(bz; A) and sodium acetate (sa; B) and also wild-type habituation to light touch (C). By contrast, when wild-type and ynls74
[Phsp-16.2::apl-1 <DNA] animals were heat-shocked for 2 h at 33°C, recovered at 20°C for 2 h, and then assayed, ynls74
[Phsp-16.2::apl-1 cDNA] animals showed poor chemotaxis behavior toward bz (4) and sa (B) and took longer to habituate to light
touch (€) compared to wild-type animals. Each trial consisted of 100 —200 worms. All data are represented as mean == SEM. A, B,
Trials, >5.***p < 0.001 to wild-type, two-way ANOVA with Bonferroni post hoc (for more detail please see Fig. 1legend). C, N,
Number of animals, trials, >3, ***p << 0.001 to heat-shocked wild-type, one-way ANOVA with Tukey post hoc (F o) = 73.12,p <

touch stimuli before they habituated (Fig. 4D). Hence, APL-1 ex-
pression within the touch cells is sufficient to disrupt the touch ha-
bituation response. We also examined whether APL-1 expression in
the ASE and AWC chemosensory neurons affected the touch habit-
uation response. Surprisingly, when apl-1 was expressed in the ASE
and AWC chemosensory neurons, which mediate sodium and ben-
zaldehyde chemoattraction, respectively, using the ceh-36 promoter
(Lanjuin et al., 2003), the transgenic animals also showed defective
touch habituation (Fig. 4 D). These results suggest that apl-1 signal-
ing does not have to occur specifically in the touch cells to disrupt
touch habituation; for instance, release of SAPL-1 from other neu-
rons can modulate touch responsiveness in the touch cells or other
downstream neurons in the touch circuit.

Similar experiments were performed to determine the site of
action of the chemosensory plasticity response. Naive and
benzaldehyde-conditioned transgenic animals expressing apl-1
in the ASE and AWC chemosensory neurons or the touch cells
were examined for chemotaxis and associative plasticity re-
sponses. All transgenic animals showed a robust chemotaxis re-
sponse to benzaldehyde, and all showed chemosensory plasticity
when conditioned to benzaldehyde (Table 1). Hence, the site of
action for the defects in chemosensory plasticity appears to lie
downstream of the ASE and AWC chemosensory neurons.

Induction of APL-1 overexpression during adulthood is
sufficient to impair chemotaxis responses and to diminish
touch habituation

Since apl-1 is essential for development and overexpression of
APL-1 causes an incompletely penetrant early larval lethality, we
considered whether APL-1 overexpression affected the develop-
ment of neurons or other cell types. Adult animals carrying an
apl-1 cDNA under the control of a heat shock promoter (ynls14
[Phsp-16.2::apl-1 cDNA]) showed wild-type chemotaxis and che-
mosensory plasticity responses toward benzaldehyde and sodium
acetate and wild-type touch habituation at 20°C (Fig. 5). How-
ever, after a short heat shock to induce ubiquitous APL-1 expres-
sion (Hornsten et al., 2007), ynls14 [Phsp-16.2::apl-1 cDNA]
animals showed defective chemotaxis responses toward benzal-
dehyde and sodium acetate and diminished touch habituation
(Fig. 5). These results indicate that the APL-1 overexpression
behavioral phenotypes are not caused by developmental changes,
but rather by APL-1 signaling that activates downstream path-
ways to interfere with behavioral plasticity.
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Discussion
APL-1 overexpression using either the apl-1 or the snb-1 pro-
moter, but not the pan-neuronal rab-3 promoter, caused a di-
minished chemotaxis response to both sodium acetate and
benzaldehyde. Similarly, a short heat shock during adulthood to
induce ubiquitous APL-1 expression was sufficient to cause an
impaired chemotaxis response. These results suggest that APL-1
expression in non-neuronal cells decreases or disrupts the che-
motaxis response. For instance, apl-1 signaling may interfere
with the feedback from downstream neurons or non-neuronal
tissue to the sensory neurons. Strikingly, the chemotaxis impair-
ments of these transgenic animals were fully or partially restored
by decreased activity of daf-2 insulin-IGF-1 receptor, daf-7
TGEF, or daf-12 NHR signaling. Hence, the effects of APL-1
levels on chemotaxis are unlikely to be due to disrupted neuronal
structure or neurodegeneration, but rather to modulation of the
insulin/IGF-1 and/or DAF-12 NHR signaling pathways. Similarly,
disruption of apl- I by the apl-1(yn5) mutation reduces the activity of
the insulin pathway to delay development (Ewald et al., 2012).

Although transgenic animals with pan-neuronal APL-1
[Prab-3::apl-1 ¢cDNA:GFP] expression show wild-type che-
motaxis and touch responses, these animals needed longer pair-
ing times to an olfactory or gustatory stimulus with starvation for
associative learning to occur and more repeated stimuli for touch
habituation, suggesting that neuronal APL-1 expression inhibits
processes for associative and nonassociative learning. This inhi-
bition requires daf-16 FOXO and daf-12 NHR activity. Although
the neural circuitry mediating the chemotaxis and touch re-
sponses are distinct, the signaling pathways underlying the two
learning responses share common molecular elements. We pro-
pose that APL-1 signaling interferes with insulin signaling,
thereby increasing DAF-16 FOXO or DAF-12 NHR activity to
inhibit associative and nonassociative learning pathways, per-
haps at the memory acquisition step. Whether APL-1 signaling
directly affects daf-2 insulin/IGF-1 receptor activity or acts
downstream of daf-2 to affect learning is unclear. Several mech-
anisms can account for how APL-1 signaling affects the physio-
logical state of the neurons. APL-1 expression in the touch cells or
ASE and AWC chemosensory neurons is sufficient to disrupt
touch habituation. Release of sAPL-1 from neurons may inhibit
insulin signaling in touch neurons, thereby maintaining their
receptive state to touch and inhibiting pathways to decrease
touch responsiveness. Curiously, SAPL-1 shares some motifs, in-
cluding a putative zinc-binding domain (for review see Dunn,
2005) with the DAF-28 and INS peptides, which are putative
ligands of the DAF-2 insulin/IGF-1 receptor (Fig. 1 N) (Pierce et
al., 2001), suggesting that sAPL-1 could potentially bind DAF-2
or disrupt DAF-2 ligand binding. In addition, apl-1 genetically
interacts with a receptor protein tyrosine phosphatase (Ewald et
al., 2012), whose activity could modulate the insulin pathway.
Alternatively, release of SAPL-1 from neurons could affect insulin
signaling in downstream cells of the touch circuit to prevent a
decreased response to touch and keep a high level of responsive-
ness. apl-1 knockdown by RNA interference results in hypersen-
sitivity to aldicarb, which is rescued by the expression of the
extracellular domain of APL-1, an indication that SAPL-1 affects
acetylcholine neurotransmission (Wiese et al., 2010), which
could affect its touch response. Taken together, excess APL-1
signaling maintains activity of the touch circuit, preventing ani-
mals from undergoing behavioral plasticity.

By contrast, APL-1 expression in the ASE and AWC chemo-
sensory neurons or touch cells is not sufficient to disrupt the
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chemosensory plasticity response. We propose that release of
sAPL-1 from unidentified neurons, perhaps neighboring am-
phidial neurons or the AIA interneuron, which is required for salt
chemotaxis learning (Tomioka et al., 2006), results in a change in
the metabolic state of the ASE and AWC chemosensory neurons.
This metabolic reset decreases daf-2 insulin/IGF-1 receptor activ-
ity, which has multiple effects, including extending lifespan (Ke-
nyon, 2005) and impairing chemosensory plasticity toward
sodium and benzaldehyde (Table 1) (Tomioka et al., 2006; Lin et
al., 2010), and which affects daf-16 FOXO-dependent and inde-
pendent pathways (Table 1). In other behaviors that show plas-
ticity, such as thermal or butanone associative plasticity,
mutations in daf-2 insulin/IGF-1 receptor also resulted in learn-
ing impairments that required daf-16 activity (Murakami et al.,
2005; Kauffman et al., 2010). Olfactory plasticity is also regulated
by pheromone levels (Yamada et al., 2010). Food resources and
pheromone levels from crowded conditions are sensed by am-
phidial neurons; this external information is integrated via the
insulin and/or daf-7 TGEB pathways (Fielenbach and Antebi,
2008) to modulate daf-12 NHR activity to reprogram the internal
state of the animal and adjust behavior accordingly.

In summary, our results suggest novel signaling interactions
between APL-1 and the insulin/daf-16 FOXO and daf-12 NHR
pathways. In three behavioral assays, pan-neuronal expression of
APL-1 may delay or inhibit memory acquisition, since larger
stimuli will allow the animals to show behavioral plasticity. In
mammals, overexpression of APP shows impairments of several
behaviors independent of plaque formation (Hsiao et al., 1995;
Simén et al., 2009). Our results suggest that APP activity may not
be directly involved in forming those behaviors, but may indi-
rectly affect them via the insulin/IGF-1 pathway.
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