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研究成果の概要（和文）：モデル動物・線虫 C.	
 elegansは、忌避匂い物質 2-ノナノンを嗅ぐと

この匂いを学習して、行動パターンを変える事で遠くまで逃げるようになる。本研究では、C.	
 

elegans のこの匂い学習が、左右１対の介在ニューロン RIC に対するドーパミンの作用によっ

て制御される事などを明らかにした。本研究の成果は、いまだ不明な点が多い「哺乳類の脳に

おけるドーパミンの作用メカニズム」の解明に貢献できると考えられる。	
 

	
 

研究成果の概要（英文）：Avoidance	
 behavior	
 of	
 the	
 nematode	
 C.	
 elegans	
 to	
 2-nonanone	
 is	
 

significantly	
 enhanced,	
 rather	
 than	
 reduced,	
 after	
 1	
 hr-preexposure	
 to	
 the	
 odor.	
 In	
 this	
 

project,	
 we	
 found	
 that	
 the	
 D2-like	
 dopamine	
 receptor	
 DOP-3	
 is	
 required	
 in	
 a	
 couple	
 of	
 

interneurons	
 RIC	
 to	
 regulate	
 the	
 enhancement	
 to	
 repulsive	
 odor	
 2-nonanone	
 in	
 the	
 animals.	
 

Our	
 result	
 may	
 shed	
 light	
 on	
 molecular	
 mechanism	
 of	
 dopamine	
 signaling	
 that	
 plays	
 

significant	
 roles	
 in	
 regulating	
 locomotion,	
 emotion	
 and	
 learning	
 in	
 mammalian	
 brain.	
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１．研究開始当初の背景	
 

	
 哺乳類の中枢神経系において、ドーパミン

は知覚・感情・報酬などの制御に関与し、そ

の機能異常は統合失調症や薬物中毒に関与

する事が知られている。このような重要な神

経伝達物質であるにも関わらず、ドーパミン

受容体から下流の遺伝子群がどのように神

経細胞活動を制御するかについては、不明な

点が多い。その主たる原因は、ドーパミン受

容体の下流遺伝子の解析はその多くが培養

細胞などを用いた過剰発現系などによって

行われたものであり、実際の神経細胞の状態

を反映していない可能性が高いためである。

さらに、ドーパミンシグナル伝達系には遺伝

子レベルの解析が容易な実験系がほとんど

確立されておらず、in	
 vivo での解析はノッ

クアウトマウスに大きく依存しているため、
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解析が進んでいない。	
 

	
 研究代表者は、C.	
 elegansを忌避匂い物質

2-nonanone（以下 2-ノナノン）で事前に刺激

すると、2-ノナノンへの応答行動が増強され、

その結果 C.	
 elegans が遠くまで逃げるよう

になるという非連合学習現象を独自に見い

だしていた（図１）。「慣れ」や「順応」など

非連合学習による感覚応答の減少は、さまざ

まな実験系において詳細な解析が行われて

いる。これに対して感覚応答の増強は、現象

レベルでは幾つかの報告があるが、分子レベ

ルの解析は哺乳類の痛覚受容またはアメフ

ラシのエラ引き込み反射といった２つの限

られた実験系でしか行われていない	
 。従っ

て、C.	
 elegansの匂い忌避行動増強の遺伝学

的解析を行う事で、新たな神経機能に関わる

遺伝子群を明らかにできると考えた。そこで、

この「忌避行動増強」に関与する遺伝子を明

らかにするために遺伝学的解析を行った結

果、D2 型ドーパミン受容体 DOP-3 が必要であ

る事が明らかになっていた。従って、C.	
 

elegans の 2-ノナノン忌避行動増強をモデル

実験系としてドーパミンの分子レベルの作

用メカニズムを迅速に明らかにすれば、哺乳

類の脳におけるドーパミンの作用メカニズ

ム解明の手がかりが得られると考えた。	
 

	
 

	
 

	
 

	
 

	
 

	
 

２．研究の目的	
 

(1)	
 C.	
 elegans の D2 型受容体 DOP-3 がどの

細胞で機能する事で、2-ノナノン忌避行動増

強を制御するのかを明らかにする。	
 

(2)	
 DOP-3 が機能する細胞の何をどう変化さ

せるかを解明する。	
 

	
 

３．研究の方法	
 

(1)	
 C.	
 elegansの忌避行動増強に関与するド

ーパミン受容体 dop-3が機能する細胞の同定	
 

	
 既に単離されていた dop-3	
 cDNA	
 (Sugiura	
 

et	
 al.,	
 J.	
 Neurochem.,	
 2005)を分与してい

ただき、dop-3 機能欠失型変異体の特定の神

経細胞において dop-3	
 cDNA を発現する形質

転換株を多数樹立した。いずれかの形質転換

株において匂い忌避行動増強の異常が回復

すれば、その神経細胞で DOP-3 が機能する事

が必要であると考えられた。	
 

(2)	
 ドーパミン下流で機能する神経伝達物

質受容体の同定	
 

	
 上記の方法で DOP-3 が機能する細胞を同定

した事により、ドーパミンの下流で別の神経

伝達物質オクトパミンが拮抗的に機能して

いることが明らかになった。そこで、分子遺

伝学的手法を用いて、ドーパミンの下流で機

能するオクトパミン受容体を同定すること

を目指した。	
 

	
 

４．研究成果	
 

(1)	
 D2型ドーパミン受容体DOP-3機能細胞の

同定	
 

C.	
 elegansの忌避行動増強に関与するドーパ

ミン受容体dop-3が機能する細胞の同定を行

うために、dop-3変異体においてdop-3	
 cDNA

を特定の神経細胞のみに発現させて、dop-3

変異体の2-ノナノン忌避増強異常という表現

型が回復するかどうかを測定した。幾つもの

神経細胞特異的な発現を検討した結果、左右

一対の介在神経細胞RICでdop-3	
 cDNAが発現

することでdop-3変異体の2-ノナノン忌避増

強異常が回復した（図２）。さらに、RIC細胞

特異的にdop-3遺伝子のRNAiを行うことでそ

の機能を低下させた所、2-ノナノン忌避増強

が抑圧された。以上の結果により、2-ノナノ

ン忌避増強はRIC細胞で発現するドーパミン

受容体DOP-3によって制御されていることが

示された。	
 

	
 RIC細胞は、神経伝達物質オクトパミンを分

泌することが知られていた。オクトパミンは

無脊椎動物において、脊椎動物のノルアドレ

close presentation of the odor (Chao et al., 2004). When the
animals were preexposed to 1-octanol during the 1 h starvation
period, however, the avoidance behavior was not suppressed, and
the animals exhibited 1-octanol avoidance at a similar magnitude
to the naive animals (Fig. 1C). This is a good contrast to the result
of ASH-mediated higher osmolarity avoidance, where preexpo-
sure to higher osmolarity caused suppression of subsequent os-
molarity avoidance (Fig. 2A, left). These results suggest that the

effect of preexposure to 1-octanol either shares the same mecha-
nism with the enhancement of 2-nonanone avoidance, or it is
caused by reversal or suppression of the starvation-induced sup-
pression of 1-octanol avoidance, which is not correlated with the
enhancement of 2-nonanone avoidance.

To investigate whether the preexposure-induced changes in
2-nonanone and 1-octanol avoidance are stimulus-specific, we
preexposed the animals to 2-nonanone, 1-octanol or higher os-
molarity for 1 h in the absence of food, and then subjected the
animals to an avoidance assay to each stimulus. Preexposure to
2-nonanone caused enhancement of 1-octanol avoidance, and
vice versa (Fig. 2B). However, reduction was caused by the
2-nonanone preexposure in higher osmolarity avoidance (Fig.
2A, right). In addition, preexposure to higher osmolarity did not
enhance 2-nonanone avoidance (Fig. 2C). These results suggest
that the effect of preexposure on odor avoidance is not odor-
specific; that is, the information from the preexposure to repul-
sive odors is shared between either of the odor responses, but not
with other sensory modalities.

Although 2-nonanone avoidance is reportedly mediated by
AWB sensory neurons (Troemel et al., 1997), other sensory neu-
ron(s) or non-neuronal tissue could contribute to the odor sen-
sation at least in certain conditions, as in the case of immediate
1-octanol avoidance (Chao et al., 2004). To investigate whether

Figure 1. Preexposure causes enhancement of odor avoidance. A, Typical examples of
avoidance assay of the naive and the preexposed animals to 600 nl of 2-nonanone. Black dots
indicate positions of the end points of animals’ avoidance behavior. Positions of the odor source,
the original position of animals and lines between the sectors were overlaid. B, Avoidance index
of 2-nonanone avoidance after preexposure. The naive animals (“naive”) or animals kept in the
absence (“mock”) or presence (“preexp.”) of 30 nl of 2-nonanone in NGM plates without food for
1 h were subjected to the avoidance assay with 600, 200 or 60 nl of 2-nonanone. The avoidance
index reflects an average of avoidance distances of the animals from the center line of the plate.
Open, gray, and solid bars indicate results of naive, mock-treated and preexposed animals,
respectively, and each bar represents the mean ! SEM of 9 independent experiments through-
out the figures unless otherwise indicated. C, 1-Octanol avoidance after preexposure. The ani-
mals were preexposed to 90 nl of 1-octanol without food for 1 h, and subjected to an avoidance
assay with 60 nl of 1-octanol. D, The enhancement of 2-nonanone avoidance is AWB-
dependent. Animals were preexposed to 90 nl of 2-nonanone in the absence of food for 1 h and
then assayed with 600 nl of 2-nonanone. § indicates statistical difference from the correspond-
ing wild-type index (see Results). E, Preexposure in the presence of food also caused the en-
hancement of 2-nonanone avoidance. The animals were preexposed to 30 nl of 2-nonanone in
the presence of food and assayed with 600 nl of the odor. *p " 0.05, **p " 0.01 and ***p "
0.001 throughout figures.

Figure 2. Preexposure is effective across different repulsive odors. A, The animals were
preexposed to 250 mM sucrose (left) or to 90 nl of 2-nonanone (right) in the absence of food for
1 h and assayed with 100 mM glycerol in quadrant plates for 15 min. Glycerol avoidance was
partially suppressed by starvation (lane 2 and 5) and further suppressed by the preexposure to
250 mM sucrose (lane 3) or to 2-nonanone (lane 6). We used sucrose for preexposure (left panel)
to confirm that higher osmolarity itself affected the subsequent osmolarity avoidance. Each bar
represents the mean ! SEM of 6 independent experiments. B, The animals were preexposed to
90 nl of 1-octanol (Oc) and assayed with 600 nl of 2-nonanone (Nn) (left panel) or preexposed to
30 nl of 2-nonanone and assayed with 60 nl of 1-octanol (right panel). Each bar represents the
mean ! SEM of 6 independent experiments. C, The animals were preexposed to 250 mM

sucrose and assayed with 600 nl of 2-nonanone. Each bar represents the mean ! SEM of 9
independent experiments.
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preexposed to 250 mM sucrose (left) or to 90 nl of 2-nonanone (right) in the absence of food for
1 h and assayed with 100 mM glycerol in quadrant plates for 15 min. Glycerol avoidance was
partially suppressed by starvation (lane 2 and 5) and further suppressed by the preexposure to
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period, however, the avoidance behavior was not suppressed, and
the animals exhibited 1-octanol avoidance at a similar magnitude
to the naive animals (Fig. 1C). This is a good contrast to the result
of ASH-mediated higher osmolarity avoidance, where preexpo-
sure to higher osmolarity caused suppression of subsequent os-
molarity avoidance (Fig. 2A, left). These results suggest that the
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図１ A, 2-ノナノン
忌避行動アッセイ。
直径 9 cm の寒天培
地 の 中 心  (origin) 
に、通常の状態で飼
育した C. elegans 
(naive)を 20-30匹置
き、左２カ所 (odor) 

に 300 uLずつの 2-nonanoneをスポットし、
12 分後の位置を示した。事前刺激された虫 
(preexp.) はより遠くまで逃げている。 B, １
枚のアッセイごとの忌避距離の平均値の比較。
事前刺激によって有意に遠くまで逃げている
事が分かる。発表論文 4より改変。 



 

 

ナリンに相当する役割を果たすと考えられ、

ドーパミン伝達との役割を解明することは重

要である。そこで、遺伝学的解析を行った所

、オクトパミンはドーパミンの下流で拮抗的

にはたらくことが明らかになった（図３）。	
 

	
 そこで、匂い忌避行動の増強のためにドー

パミンシグナルの下流で機能するオクトパミ

ン受容体を同定することを目指した。C.	
 

elegansゲノムには３つのオクトパミン受容

体が存在しているので、これらの変異株を入

手して行動解析を行った結果、特定のオクト

パミン受容体がドーパミンシグナル伝達の下

流で機能する事が強く示唆された（木村ら、

投稿準備中）。今後は、このオクトパミン受容

体がどの神経細胞で機能する事で忌避行動増

強に影響を与えるのかを明らかにしたい。	
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sponse to a wide variety of stimuli after the presentation of an
intense or noxious stimulus (Kandel et al., 2000). Although pre-
exposure to 2-nonanone or 1-octanol causes the enhancement of
avoidance behavior to either of the odors, the enhancement is not
caused in higher osmolarity avoidance. Therefore at this point we
do not classify the enhancement of 2-nonanone avoidance as
a type of sensitization. Still, the enhancement of 2-nonanone
avoidance is likely a new example of nonassociative enhancement
of sensory response to a noxious stimulus.

Despite its possible similarity to the noxious stimulus-
induced behavioral sensitizations mentioned above, our data
suggest that the enhancement of 2-nonanone avoidance is regu-
lated by a different mechanism from the other sensitizations.
Pain sensitization is caused by pain-inducing substances released
from the neighboring environment, but not by pain itself (Basbaum
and Jessell, 2000), while the enhancement of 2-nonanone avoid-
ance is caused by the odor stimulus itself. The sensitization in the
defensive responses in the leech and Aplysia are mainly regulated
by serotonin (Hawkins et al., 1993; Sahley, 1995), and the en-
hancement of 2-nonanone avoidance requires dopamine but not
serotonin (Fig. 5A). For tap sensitization in C. elegans, a twofold
increase in the response is observed as early as a few minutes after
the conditioning stimulus (Rankin et al., 1990) while the effect of
preexposure takes much longer (30 – 60 min; Fig. 3A) to become
detectable in 2-nonanone avoidance. These results may suggest
an evolutionary convergence of noxious stimulus-induced sen-

sory enhancement (Woolf and Walters, 1991) from nematodes to
mammals and its significance in animals’ neural function.

The enhancement of 2-nonanone avoidance is regulated by
dopamine signaling
To understand the molecular basis for the enhancement of
2-nonanone avoidance, we took a genetic approach, which re-
vealed that dopamine signaling is required for the enhancement.
This result is consistent with the neuromodulatory role of dopa-
mine signaling in C. elegans. Dopamine has been known to func-
tion as a “presence of food” signal for short periods to regulate
various behaviors in C. elegans (Schafer and Kenyon, 1995;
Weinshenker et al., 1995; Sawin et al., 2000; Hills et al., 2004;
Sanyal et al., 2004; Kindt et al., 2007). In addition, dopamine
signaling has recently been found to be involved in associative
learning of chemical cue and starvation (Hukema et al., 2008;
Voglis and Tavernarakis, 2008) as well as in increased preference
to ethanol after conditioning with a high concentration of etha-
nol in the presence of food (Lee et al., 2009). Although the en-
hancement of 2-nonanone avoidance requires dopamine signaling,
it is likely regulated by a different mechanism from that shown in
previous studies because the enhancement does not require the
presence or absence of food during conditioning. In addition,
since the above-mentioned dopamine signaling is not involved in
the enhancement of sensory responses in nonassociative form,

Figure 7. dop-3 dopamine receptor homolog functions in the RIC interneurons to regulate the enhancement. A, Cell-specific rescue experiments of the enhancement of 2-nonanone avoidance
in the dop-3 mutant. A plasmid containing a cell-specific promoter fused to the dop-3 cDNA (5 or 50 ng/!l) was introduced into the dop-3(tm1356 ) mutant background. The transgenic animals were
preexposed to 90 nl of 2-nonanone in the absence of food, and then assayed with 600 nl of 2-nonanone. Avoidance behavior of the wild-type and dop-3 mutant animals containing transgene with
the marker and the carrier DNA were also analyzed in parallel as controls. H20p and tbh-1p are the results of transgenic lines with 5 ng/!l of the fusion plasmid and the others are the results with
50 ng/!l. At least two independent transgenic lines were analyzed for each concentration. Some promoters led to higher or lower basal locomotion activity in the transgenic animals than in the
control animals ( glr-2p and odr-2p for example), probably due to inappropriate expression of the dop-3 cDNA. The reported expression pattern of each promoter (see Materials and Methods) is
shown at the bottom. Each bar represents the mean ! SEM of 9 (rescued animals) or 6 (non-rescued animals) independent experiments. B, C, The behavioral defect in the dop-3 mutants were
suppressed by the tbh-1 (B) mutation but not by crh-1 (C). The animals were preexposed to 90 nl of 2-nonanone in the absence of food and assayed with 600 nl of 2-nonanone.
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図 2 細胞特異的な cDNA発現による、
DOP-3機能細胞の同定。全神経細胞で発
現する H20プロモータ、または lin-11
プロモータで、2-ノナノン忌避増強が回
復する。これ以外に、RIC細胞特異的な
tbh-1プロモータでも表現型が回復した
ことから、RIC細胞で DOP-3が機能す
ることが、2-ノナノン忌避増強に必要充
分であることが明らかになった。発表論
文 4より改変。 
 

sponse to a wide variety of stimuli after the presentation of an
intense or noxious stimulus (Kandel et al., 2000). Although pre-
exposure to 2-nonanone or 1-octanol causes the enhancement of
avoidance behavior to either of the odors, the enhancement is not
caused in higher osmolarity avoidance. Therefore at this point we
do not classify the enhancement of 2-nonanone avoidance as
a type of sensitization. Still, the enhancement of 2-nonanone
avoidance is likely a new example of nonassociative enhancement
of sensory response to a noxious stimulus.

Despite its possible similarity to the noxious stimulus-
induced behavioral sensitizations mentioned above, our data
suggest that the enhancement of 2-nonanone avoidance is regu-
lated by a different mechanism from the other sensitizations.
Pain sensitization is caused by pain-inducing substances released
from the neighboring environment, but not by pain itself (Basbaum
and Jessell, 2000), while the enhancement of 2-nonanone avoid-
ance is caused by the odor stimulus itself. The sensitization in the
defensive responses in the leech and Aplysia are mainly regulated
by serotonin (Hawkins et al., 1993; Sahley, 1995), and the en-
hancement of 2-nonanone avoidance requires dopamine but not
serotonin (Fig. 5A). For tap sensitization in C. elegans, a twofold
increase in the response is observed as early as a few minutes after
the conditioning stimulus (Rankin et al., 1990) while the effect of
preexposure takes much longer (30 – 60 min; Fig. 3A) to become
detectable in 2-nonanone avoidance. These results may suggest
an evolutionary convergence of noxious stimulus-induced sen-

sory enhancement (Woolf and Walters, 1991) from nematodes to
mammals and its significance in animals’ neural function.

The enhancement of 2-nonanone avoidance is regulated by
dopamine signaling
To understand the molecular basis for the enhancement of
2-nonanone avoidance, we took a genetic approach, which re-
vealed that dopamine signaling is required for the enhancement.
This result is consistent with the neuromodulatory role of dopa-
mine signaling in C. elegans. Dopamine has been known to func-
tion as a “presence of food” signal for short periods to regulate
various behaviors in C. elegans (Schafer and Kenyon, 1995;
Weinshenker et al., 1995; Sawin et al., 2000; Hills et al., 2004;
Sanyal et al., 2004; Kindt et al., 2007). In addition, dopamine
signaling has recently been found to be involved in associative
learning of chemical cue and starvation (Hukema et al., 2008;
Voglis and Tavernarakis, 2008) as well as in increased preference
to ethanol after conditioning with a high concentration of etha-
nol in the presence of food (Lee et al., 2009). Although the en-
hancement of 2-nonanone avoidance requires dopamine signaling,
it is likely regulated by a different mechanism from that shown in
previous studies because the enhancement does not require the
presence or absence of food during conditioning. In addition,
since the above-mentioned dopamine signaling is not involved in
the enhancement of sensory responses in nonassociative form,

Figure 7. dop-3 dopamine receptor homolog functions in the RIC interneurons to regulate the enhancement. A, Cell-specific rescue experiments of the enhancement of 2-nonanone avoidance
in the dop-3 mutant. A plasmid containing a cell-specific promoter fused to the dop-3 cDNA (5 or 50 ng/!l) was introduced into the dop-3(tm1356 ) mutant background. The transgenic animals were
preexposed to 90 nl of 2-nonanone in the absence of food, and then assayed with 600 nl of 2-nonanone. Avoidance behavior of the wild-type and dop-3 mutant animals containing transgene with
the marker and the carrier DNA were also analyzed in parallel as controls. H20p and tbh-1p are the results of transgenic lines with 5 ng/!l of the fusion plasmid and the others are the results with
50 ng/!l. At least two independent transgenic lines were analyzed for each concentration. Some promoters led to higher or lower basal locomotion activity in the transgenic animals than in the
control animals ( glr-2p and odr-2p for example), probably due to inappropriate expression of the dop-3 cDNA. The reported expression pattern of each promoter (see Materials and Methods) is
shown at the bottom. Each bar represents the mean ! SEM of 9 (rescued animals) or 6 (non-rescued animals) independent experiments. B, C, The behavioral defect in the dop-3 mutants were
suppressed by the tbh-1 (B) mutation but not by crh-1 (C). The animals were preexposed to 90 nl of 2-nonanone in the absence of food and assayed with 600 nl of 2-nonanone.

Kimura et al. • Enhanced Odor Avoidance Regulated by Dopamine J. Neurosci., December 1, 2010 • 30(48):16365–16375 • 16373

図 3 ドーパミンとオクトパミンの相互
作用の遺伝学的解析。2-ノナノン忌避行
動増強は、ドーパミン受容体 dop-3遺伝
子の機能欠失で抑圧される（lanes 4-6)。
一方、オクトパミン合成に必要な tbh-1
遺伝子の機能欠失は、2-ノナノン忌避増
強に影響しない (lanes 7-9)。しかし、
dop-3と tbh-1遺伝子の二重変異体は 2-
ノナノン忌避増強が正常であった。これ
らの結果は、tbh-1遺伝子は dop-3遺伝
子の下流で 2-ノナノン忌避増強に抑制
的にはたらく事を強く示唆する。dop-3
遺伝子および tbh-1はRIC細胞で機能す
る事から、DOP-3受容体からのシグナル
が、オクトパミン分泌を抑制している可
能性が高い。発表論文 4より改変。 
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