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In fish, amino acids are food-related important olfactory cues to elicit
an attractive response. However, the neural circuit underlying this
olfactory behavior is not fully elucidated. In the present study, we
applied the Tol2 transposon-mediated gene trap method to dissect
the zebrafish olfactory system genetically. Four zebrafish lines
(SAGFF27A, SAGFF91B, SAGFF179A, and SAGFF228C) were estab-
lished in which the modified transcription activator Gal4FF was
expressed in distinct subsets of olfactory sensory neurons (OSNs). The
OSNs in individual lines projected axons to partially overlapping but
mostly different glomeruli in the olfactory bulb (OB). In SAGFF27A,
Gal4FF was expressed predominantly in microvillous OSNs innervat-
ing the lateral glomerular cluster that corresponded to the amino
acid-responsive region in the OB. To clarify the olfactory neural
pathway mediating the feeding behavior, we genetically expressed
tetanus neurotoxin in the Gal4FF lines to block synaptic transmission
in distinct populations of glomeruli and examined their behavioral
response to amino acids. The attractive response to amino acids was
abolished only in SAGFF27A fish carrying the tetanus neurotoxin
transgene. These findings clearly demonstrate the functional signif-
icance of the microvillous OSNs innervating the lateral glomerular
cluster in the amino acid-mediated feeding behavior of zebrafish.
Thus, the integrated approach combining genetic, neuroanatomical,
and behavioral methods enables us to elucidate the neural circuit
mechanism underlying various olfactory behaviors in adult zebrafish.
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H ow are various odors represented in the brain and then
transformed into specific behavioral outputs? Animals de-
tect a huge variety of odorants in the environment; transmit the
information to the brain; and convert it into appropriate output
responses, including odor perception and discrimination, emo-
tional change, hormonal release control, and behavioral expres-
sion. The olfactory system is equipped with highly organized
neural circuits from the olfactory epithelium (OE) to the olfac-
tory bulb (OB). For example, in mice, individual olfactory
sensory neurons (OSNs) express only a single type of odorant
receptor (OR) gene from a repertoire of ~1,000 (“one neuron—
one receptor rule”) (1-4). The OSNs expressing a given OR
converge their axons onto a few specific glomeruli in the OB
(“axon convergence to target glomeruli”), which is enabled by
the hierarchical and combinatorial actions of multiple axon
guidance molecules (5-7). Based on these 2 principles, topo-
graphical odor maps are established on the glomerular array of
the OB, which depict the internal representations of odor stimuli
in the brain (8, 9). However, it is largely unknown how the odor
maps on the OB are integrated and transmitted to higher brain
centers to elicit various olfactory behaviors.

Fish detect a variety of water-soluble odorants, which evoke
different types of fundamental behaviors, such as food finding,
alarm response, predator avoidance, social communication, and
reproductive activity. The fish OE contains 3 types of morpholog-
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ically distinct sensory neurons: ciliated OSNs, microvillous OSNS,
and crypt cells. Each type of those neurons is supposed to express
different classes of chemosensory receptors and signal transduction
molecules, project axons to distinct regions of the OB, and mediate
different physiological responses (10-12). The microvillous OSNs
expressing V2R-type olfactory receptors and transient receptor
potential channel C2 innervate the lateral chain glomeruli that
respond to amino acids, which are potential feeding cues (11,
13-16). The ciliated OSNs expressing OR-type olfactory receptors,
GTP-binding protein Gas, cyclic nucleotide-gated channel A2
subunit, and olfactory marker protein (OMP) predominantly target
the anteromedial glomeruli that respond to bile acids, putative
social pheromones (11, 13, 14, 16—-18). In contrast, little is known
about the molecular constituents, axonal projection, and function of
the crypt cells (11, 12, 19, 20), despite their unique properties such
as seasonal variability (21). We previously demonstrated that the 2
basic principles, the one neuron-one receptor rule and axon
convergence to target glomeruli, are essentially conserved also in
the zebrafish olfactory system (22). Although this conservation
renders the zebrafish an excellent animal model to analyze the
olfactory system (23), it has been difficult to correlate various
olfactory behaviors with the OSN types, glomerular identities, and
neural circuits.

In addition to general advantages (e.g., external fertilization,
large clutch size, rapid development, optical transparency of
larvae), the zebrafish is amenable to various techniques of both
forward and reverse genetics. Recently, we developed a method
for targeted gene expression in zebrafish by combining the Tol2
transposable element with the Gal4/UAS system (24, 25). With
this method, a number of fish lines that express the modified
yeast transcription activator Gal4FF in specific tissues and cells
are created by gene and enhancer trapping. By crossing with
effector lines that contain genes of interest downstream of the
Gal4 recognition sequence UAS, selective visualization and
manipulation of the Gal4FF-expressing cells can be achieved.

Here, we analyzed the zebrafish olfactory circuits responsible for
attraction to amino acids, taking advantage of the Tol2-mediated
Gal4 gene trap method. Initially, we created transgenic fish lines
that expressed Gal4FF in the OE. Then, we performed a detailed
anatomical analysis and identified fish lines that expressed Gal4FF
in specific subpopulations of OSNs. Finally, we crossed these fish
with the UAS:TeTxLC effector fish carrying a gene for tetanus
neurotoxin light chain (TeTxLC), which blocks synaptic transmis-
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Fig. 1. Gene trap zebrafish lines with Gal4FF ex-
pression in OSN subsets innervating distinct glomer-
uli. GFP expression patterns were examined in
5-day-old larvae of the 4 gene trap Gal4FF-express-
ing lines (A1-A7, SAGFF27A; B1-B7, SAGFF91B; C1-
C7, SAGFF179A; and D1-D7, SAGFF228C) crossed
with the UAS:GFP reporter strain. (A7-D7) Lateral
views of transgenic larval heads with GAL4FF-
driven GFP fluorescence in the OE (arrowheads). In
SAGFF91B and SAGFF179A, additional fluorescent
signals are observed. (B7) The otic vesicle (OV), pi-
neal (P), and spinal cord (SC) in SAGFF91B. (C7) The
ventral mandibular arch (VMA) and SC in
SAGFF179A. (A2-D2) Frontal views of larvae show-
ing GFP fluorescence in subsets of OSNs innervating
the OB (dashed circles) with different patterns. (A3-
D6) Whole-mount double-immunofluorescence la-
beling with antibodies against GFP (A3-D6; green)
and PCAM (A3-D3; magenta), Gaolgs (A4-D4; ma-
genta), calretinin (A5-D5; magenta), or SV2 (A6-
D6; magenta). (A7-D7) Schematic diagrams illus-
trating different patterns of glomerular
innervation by Gal4FF-expressing OSNs in the gene
trap lines. The 4 lines show different combinations
of glomerular targeting in the medial cluster
(mG1-6, blue). SAGFF27A and SAGFF228C also

show strong and weak GFP expression, respectively,
in OSNs innervating the lateral glomeruli (IG, red).
avG, anteroventral glomeruli; dG, dorsal glomeruli;
mG, medial glomeruli; pG, posterior glomeruli.
[Scale bars: (in D7), A1-D1, 200 um; (in D2), A2-D6,
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sion, and analyzed behavioral phenotypes of the double-transgenic
fish. We demonstrate that the attractive behavior of zebrafish to
amino acids is mediated through the neural circuitry involving the
lateral chain glomeruli in the OB, which receive odor information
from the microvillous OSNs. Thus, this is a unique genetic study
providing definitive evidence for the selective neural circuit under-
lying a specific behavior in adult zebrafish.

Results

Identification of Gene Trap Lines with GaldFF Expression in OSN
Subsets Innervating Distinct Glomeruli. We previously conducted
gene trap and enhancer trap screens in zebrafish by using the
Tol?2 transposon constructs containing the Gal4FF transcription
activator and established 185 transgenic lines that expressed
Gal4FF in specific tissues and cells (25). We crossed these lines
with the UAS:GFP reporter fish and analyzed the double
transgenic larvae for GFP expression in the olfactory system.
Among 16 lines that showed GFP fluorescence in the OE in a
variety of patterns at 5 days after fertilization [supporting
information (SI) Fig. S1], we identified 4 gene trap lines
(SAGFF27A, SAGFF91B, SAGFF179A, and SAGFF228C) that
expressed GFP in distinct subpopulations of OSNs (Fig. 1
AI-DI). In these larvae, GFP-expressing OSNs projected their
axons to partially overlapping but mostly different glomeruli in
the OB. In all 4 lines, the GFP-positive axons differentially
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targeted one or some of the glomeruli located in the medial
region of the OB (Fig. 1 A2-D2). In SAGFF27A, the GFP-
positive axons innervated a chain of glomeruli positioned in the
lateral OB in addition to the medial glomerulus (Fig. 142). GFP
expression was restricted to OSNs in SAGFF27A and
SAGFF228C (Fig. 141 and 1DI), whereas SAGFF91B and
SAGFF179A also showed GFP fluorescence in other tissues of
larvae: the otic vesicle, pineal gland, and spinal cord in
SAGFF91B (Fig. 1BI) and the ventral mandibular arch and
spinal cord in SAGFF179A (Fig. 1C1).

To examine detailed axonal trajectories of the GFP-expressing
OSNs, we carried out whole-mount immunohistochemistry of
5-day-old larvae using several antibodies. The cell adhesion
molecule (PCAM) is a marker for all OSN axons (26, 27) (Fig.
S2). GFP-positive axons in all 4 lines were PCAM-positive,
confirming that they were the OSN axons (Fig. 1 A3-D3). These
axons terminated in glomeruli of the OB, where synaptic vesicle
protein SV2 was highly accumulated (Fig. 1 46-D6). The SV2
immunostaining revealed spatial segregation of 5 major glomer-
ular clusters in the larval OB. We designated these clusters as the
anteroventral, dorsal, posterior, lateral, and medial glomerular
clusters, with a slight modification of the previous designations
for 3.5-day-old larvae (28). In all 4 lines, the GFP-positive axons
were completely negative for Gayys immunoreactivity, suggest-
ing that they were not ciliated OSNs (Fig. 1 A4-D4). The
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calcium-binding protein, calretinin, is expressed mainly by mi-
crovillous OSNs innervating the lateral glomerular cluster and
also by a small population of ciliated OSNs innervating the
dorsal and posterior glomerular clusters (27). Double-labeling
with anti-calretinin antibody revealed that the majority of GFP-
expressing axons in SAGFF27A were positive for calretinin,
innervating the lateral glomerular cluster. This result indicates
that SAGFF27A fish expressed Gal4FF predominantly in the
microvillous OSNs (Fig. 145). In contrast, there was no overlap
between GFP and calretinin signals in SAGFF91B and
SAGFF179A and only a slight overlap in SAGFF228C (Fig. 1
B5-D5). We also noticed that in SAGFF91B, SAGFF179A, and
SAGFF228C, the Gal4FF-expressing OSNs were confined to the
central region of the OE, although calretinin-positive microvil-
lous OSNs were distributed broadly in the whole OE (Fig. 1
B5-D5). Thus, the Gal4FF-expressing OSNs in this central
region of the OE predominantly innervated the medial glomer-
ular cluster in the OB, suggesting the topographical organization
of OSN axon projection.

The medial glomerular cluster is unique in that it is innervated
by neither Gags-positive ciliated OSNs nor calretinin-positive
microvillous OSNs (16). The SV2 immunostaining clearly de-
lineated 6 glomeruli (mG1-6) in this cluster (Fig. 1.46-D6). The
GFP-positive axons in 4 transgenic lines differentially targeted
one or some of the 6 glomeruli in the medial cluster (i.e.,
SAGFF27A, mG2; SAGFF91B, mG2 and mG3; SAGFF179A,
mG1, mG2, mG3, and mG6; SAGFF228C, mG3). The patterns
of glomerular innervation in individual lines are schematically
depicted in Fig. 1.47-D7. In the adult SAGFF179A, we observed
many GFP-positive OSNs that were located in the most apical
layer of the OE, displayed an ovoid cell shape, and expressed
calcium-binding protein S100 (data not shown). These anatom-
ical, morphological, and molecular features are characteristic of
the third type of fish OSNS, crypt cells (11, 12, 19, 20), suggesting
that SAGFF179A may express Gal4FF in the crypt cells, possibly
innervating some of the glomeruli in the medial cluster.

Glomerular Innervation of Gal4FF-Expressing OSNs in Adult Zebrafish.
We next asked whether the characteristic Gal4FF expression
patterns in the transgenic zebrafish larvae are also observed in
the adult fish. Intense GFP expression was detected in whole-
mount preparations and sections of the OE and OB from the 3
transgenic lines (SAGFF27A, SAGFFI1B, and SAGFF179A)
crossed with UAS:GFP reporter fish (Fig. 2 A/-C3 and Figs. S3
and S4). For SAGFF228C, however, no GFP signal was observed
in the adult fish (data not shown), suggesting transient Gal4FF
expression only at early developmental stages in this line.
Detailed glomerular innervation patterns of Gal4FF-
expressing OSNs in the adult SAGFF27A, SAGFF91B, and
SAGFF179A were analyzed on OB horizontal sections triple-
labeled with anti-GFP, anti-PCAM, and anti-SV2 antibodies
(Fig. 2 A4-CS8). We essentially used the nomenclature of indi-
vidual glomeruli in the adult OB designated by Baier and
Korsching (29). For SAGFF27A, strong GFP fluorescence was
observed mainly in the lateral region of the OB (Fig. 2 A1-A3).
A careful examination of OB sections revealed that these
GFP-positive OSN axons predominantly innervate the lateral
chain of glomeruli and the ventral glomeruli (vG) (Fig. 2.44-A9).
Consistent with the distinctive projections of OSN axons onto
the medial glomerular cluster observed in larvae, the 3 trans-
genic lines also maintained similar patterns of glomerular in-
nervation in adults. Among the 3 mediodorsal posterior glomer-
uli in the adult OB, mdpG2 was positive for GFP in all 3 lines,
mdpG3 was positive for GFP in 2 lines (SAGFF91B and
SAGFF179A), and mdpG1 was positive for GFP only in 1 line
(SAGFF179A) (Fig. 2 A4-C5 and A9-C9). These discrete
labeling patterns indicate that the adult mdpG1, mdpG2, and
mdpG3 may correspond to the larval mG1, mG2, and mG3,
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Fig. 2. Conserved patterns of differential glomerular innervation of GFP-
positive olfactory axonsin 3 gene trap lines in adult zebrafish: (A7-A9) SAGFF27A,
(B1-B9) SAGFF91B, and (C1-C9) SAGFF179A. (A1-C3) Whole-mount OBs with GFP
fluorescence viewed from dorsal (A7-C7), ventral (A2-C2), and lateral (A3-C3)
sides. (A4-C8) Horizontal sections of OBs triple-labeled with antibodies against
GFP (green), PCAM (red), and SV2 (blue). For individual lines, 5 sections are shown
from the dorsal-most (A4-C4) to ventral-most (A8-C8) levels. (A9-C9) Schematic
diagrams illustrating different patterns of glomerular innervation by GAL4FF-
expressing OSNs in the adult gene trap lines. In SAGFF27A, GFP-positive olfactory
axons innervate the lateral chain (Ic, red), the ventral glomeruli (vG, pink), and 1
of the mediodorsal posterior glomeruli (mdpG2, blue). In SAGFF91B, GFP-positive
olfactory axons innervate 2 of the mediodorsal posterior glomeruli (ndpG2 and
mdpG3, blue). In SAGFF179A, GFP-positive olfactory axons innervate the
mdpG1-3 (blue), the mediodorsal glomerulus (mdG, blue), and the ventroposte-
rior glomerulus (vpG, light blue). (Scale bars: 100 um.)
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respectively. The mediodorsal glomerulus (mdG) showed GFP
immunoreactivity only in SAGFF179A (Fig. 2 C6 and C9). Based
on a comparison of relative glomerular positions along the
dorsoventral axis of the OB, the adult mdG is likely to be derived
from the larval mG6. Thus, a clear correlation was observed
between the larval and adult expression patterns in the 3
transgenic lines.

On the other hand, another GFP-positive glomerulus (vpG)
was observed in the most ventroposterior region of the OB,
distant and isolated from other GFP-positive glomeruli, in
SAGFF179A (Fig. 2 C8 and C9). Because the GFP-positive vpG
was detected in the adult fish but not in the 5-day-old larvae, it
is likely that this glomerulus was formed at some later stage
during development.

Genetic Behavioral Analysis of Attractive Response to Amino Acids.
Because the unique and restricted patterns of Gal4FF expression
were maintained in the adult transgenic fish, we reasoned that
it was feasible to take an integrated approach combining the
genetic manipulation of neural transmission with the olfactory
behavioral assays to specific odor stimuli. In particular, we were
interested in SAGFF27A, because the Gal4FF-expressing OSNs
predominantly innervated the lateral chain of glomeruli that had
been shown to respond to amino acids in zebrafish and implied
to mediate feeding behavior in goldfish and crucian carp (11, 13,
17, 30-32).

To analyze the odor preference behavior in zebrafish, we
developed an assay system to monitor fish movement in response
to odorants. Fig. 34 shows an example of the swimming path of
a WT zebrafish, which clearly displayed an attractive response to
the amino acid mix (also see Movie S1). During the prestimu-
lating period, WT fish used the entire space of a tank for
swimming. However, on the introduction of an amino acid mix
into a corner of the tank (Fig. 34, arrowhead), fish preferentially
stayed in the area where the amino acid mix was applied (amino
acid side) rather than on the opposite side. To quantify the
degree of attraction, we measured the percentage of time spent
on the amino acid side for every 1 min (Fig. 3B) and calculated
the preference index (PI; Fig. 3C). A significant preference for
the amino acid side was observed for 2 min after the application
(Fig. 3 B and C).

To determine whether this attractive response is dependent on
the olfaction, we surgically removed the OE bilaterally and
carried out the same behavioral experiment. The OE-removed
zebrafish showed no preference for the amino acid mix (Fig. 44).
This result indicates that the olfactory system is required for the
attractive response to amino acids in zebrafish, although we
cannot exclude the possibility of some contribution of other
chemosensory systems for the detection of amino acids.

To identify olfactory neural circuitry mediating the attraction
to amino acids, we genetically expressed TeTxLC under the
control of a Gal4/UAS system (25). TeTxLC proteolytically
cleaves a synaptic vesicle protein, synaptobrevin, leading to
defective exocytosis and neural transmission blockade (33). We
used 3 transgenic lines, SAGFF27A, SAGFF179A, and
OMP:Gal4FF, which express Gal4FF in subsets of OSNs inner-
vating mostly different regions of the OB (SAGFF27A: lateral,
SAGFF179A: posteromedial, OMP:Gal4FF: anteromedial)
(Fig. 4B and Figs. S3 and S4). These Gal4FF-expressing lines
were crossed with UAS:TeTxLC fish to block synaptic transmis-
sion within selective glomerular clusters, and a behavioral
analysis was performed. A normal attractive response to the
amino acid mix was observed in SAGFF179A;UAS:TeTxLC and
OMP:Gal4FF;UAS:TeTxLC double-transgenic adult fish,
whereas the attractive response was completely abolished in
SAGFF27A;UAS: TeTxLC double-transgenic fish (Fig. 44 and
Movie S2). Either SAGFF27A or UAS:TeTxLC single-
transgenic fish showed an attractive response similar to that of
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Fig. 3. Attractive response of zebrafish to amino acids. (A) Representative
swimming paths of zebrafish on amino acid application. Results are presented
for every 1 min from 3 min before (Left) to 4 min after (Right) the application
of the amino acid mix. The arrowhead indicates the corner of amino acid
application. (B) Percentage of time spent on the amino acid side by zebrafish
(n = 7). Data are shown as mean = SEM (*P < 0.05, compared with 1-min
period before the application of the amino acid mix, 2-tailed Student’s t test).
(C) The degrees of attraction to amino acids are represented by the PIl. Box
plots represent the median (red horizontal line), 25 to 75% quantiles (boxes),
and ranges (whiskers) of data. Each time bin was analyzed for a significant
deviation from 0 using the Wilcoxon sign-rank test (*P < 0.05).
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WT fish, suggesting that the neural transmission blockade of
Gal4FF-expressing OSNs in SAGFF27A is the cause of the
behavioral abnormality regarding amino acids. In contrast, the
attractive response to taurocholic acid, a putative social phero-
mone, was abrogated only in OMP:Gal4FF;UAS: TeTxLC dou-
ble-transgenic fish (Fig. S5), which is consistent with previous
reports on the roles of ciliated OSNs and anteromedial glomeruli
in the bile acid response (11, 17). The locomotor activity of all
single- and double-transgenic fish was indistinguishable from
that of WT fish (Fig. 4C). These results suggest that the
functional neural circuit involving the lateral chain glomeruli is
absolutely required for the attractive response to amino acids in
adult zebrafish.

Discussion

The zebrafish has become one of the most useful and important
model organisms in biology because of its general experimental

PNAS | June 16,2009 | vol. 106 | no.24 | 9887

NEUROSCIENCE


http://www.pnas.org/content/vol0/issue2009/images/data/0900470106/DCSupplemental/SM1.mp4
http://www.pnas.org/cgi/data/0900470106/DCSupplemental/Supplemental_PDF#nameddest=SF3
http://www.pnas.org/content/vol0/issue2009/images/data/0900470106/DCSupplemental/SM2.mp4
http://www.pnas.org/cgi/data/0900470106/DCSupplemental/Supplemental_PDF#nameddest=SF5

Lo L

P

1\

BN AS DN AS P

A ol -

e
(2]

Preference index
o

-0.5
-1.0
wild-type  OE- SAGFF SAGFF SAGFF OMP:
removed 27A 27A 179A Gal4FF
X X X

UAS: UAS: UAS: UAS:
TeTxLC TeTxLC TeTxLC TeTxLC

(n=7) (n=11) (n=6) (n=11) (n=13) (n=6) (n=8)

=

C> 4
=
s | e |
= - IJ—I
SE $ [ ] I | | {
E
5E,| T 1 E
SE T
EV
o
o
o
“ 0
wild-type  OE- SAGFF SAGFF SAGFF OMP:
removed 27A 27A 179A  Gal4FF
X X X

UAS: UAS: UAS: UAS:

TeTxLC TeTxLC TeTxLC TeTxLC
Fig.4. Attractive response to amino acids is abolished in SAGFF27A express-
ing tetanus neurotoxin. (A) The attractive responses to amino acids for indi-
vidual genotypes are represented by the Pl. The OE-removed fish and the
SAGFF27A;UAS:TeTxLC fish show no preference for amino acids, whereas
other genotypes (WT, SAGFF27A, UAS:TeTxLC, SAGFF179A;UAS:TeTxLC, and
OMP:Gal4FF;UAS:TeTxLC) show normal attractive responses to amino acids.
Significance was assessed by Mann-Whitney U tests (***P < 0.001, **P < 0.01
compared with WT fish). (B) Schematic diagrams showing surgical removal of
the OE (second panel from Left) and genetic manipulations of OSNs (3 panels
on Right). Glomeruli innervated by TeTxLC-expressing OSNs are shown in
colors. (C) All the genotypes show normal locomotor activities.

advantages as well as its amenability to both forward and reverse
genetic techniques (23). Here, we have succeeded in genetic and
functional dissection of the olfactory neural circuits in zebrafish
by combining (i) a Tol2 transposon-mediated gene trap ap-
proach, (ii) a Gal4/UAS-based targeted gene expression system,
(iii) visualization of axon projection patterns with genetically
engineered fluorescent proteins in both the larva and adult, (iv)
TeTxLC-mediated neural transmission blockade of selective
OSNs, and (v) a simple behavioral assay for specific olfactory
responses in adult zebrafish. Until recently, such a multidisci-
plinary strategy for anatomical and functional analyses of selec-
tive neural circuits was possible only in a few invertebrate species
such as Caenorhabditis elegans and Drosophila melanogaster.
However, rapid advances of various genetic techniques in the
zebrafish have rendered it as a useful model organism compa-
rable to these 2 invertebrates. This study provides several lines
of evidence that reinforce the usefulness of zebrafish in inte-
grative genetic analyses and opens up a unique avenue for future
research on the functional organization of the vertebrate neural
circuits. In particular, we showed that Gal4FF-mediated TeTxLC
expression in distinct subsets of OSNs sufficiently generates an
unambiguous behavioral phenotype in adult zebrafish.

9888 | www.pnas.org/cgi/doi/10.1073/pnas.0900470106

One of the most intriguing findings obtained from our gene
trap screens is the diversity of Gal4FF expression patterns in the
OE. In particular, the Gal4FF expression in several lines was
confined to small subpopulations of OSNs in particular regions
of the OE, which project axons to distinct subsets of glomeruli
in the OB. For instance, in SAGFF91B, SAGFF179A, and
SAGFF228C, the Gal4FF-expressing OSNs were located in the
central region of the OE and predominantly innervated the
medial glomerular cluster in the OB. Such a topographical
organization of the OSN axon projection from the OE to the OB
in zebrafish is reminiscent of the zonal organization in the rodent
olfactory system (34), suggesting the phylogenic conservation
from fishes to mammals. Furthermore, these results suggest that
OSNs are heterogeneous with respect to their spatial distribution
and gene expression, both of which presumably correlate with
functional aspects of distinct OSN subpopulations.

In SAGFF27A, the majority of Gal4FF-expressing cells were
the microvillous OSNs innervating the lateral chain glomeruli in
the OB, although weak Gal4FF expression was also observed in
OSNs innervating one of the mediodorsal posterior glomeruli,
mdpG2. Neural transmission blockade of these OSNs by
TeTxLC expression in the double-transgenic zebrafish
(SAGFF27A;UAS:TeTxLC) resulted in the absence of an at-
tractive response to amino acids. In contrast, 2 other lines
(SAGFF179A and OMP:Gal4FF) expressing Gal4FF in largely
nonoverlapping subsets of OSNs showed normal attractive re-
sponses to amino acids after being crossed with UAS:TeTxLC
fish. Because SAGFF27A and SAGFF179A share mdpG2 as a
common target glomerulus of the Gal4FF-expressing OSNS, it is
unlikely that mdpG2 is involved in the amino acid-evoked
attractive response. Although we cannot exclude a possible
involvement of another Gal4FF-positive glomerular cluster vG,
the present findings strongly suggest that the microvillous OSNs
innervating the lateral chain glomeruli are important to the
preference for amino acids, probably leading to feeding behav-
iors of zebrafish.

The present results are consistent with several previous re-
ports on amino acid responses of various fish as follows: (i) amino
acids bind to V2R-type olfactory receptors on the microvillous
OSNs in goldfish and zebrafish (15, 35, 36) and activate these
neurons in zebrafish (37); (ii) zebrafish microvillous OSNs
mainly innervate the lateral chain glomeruli (16); (iii) lateral
chain glomeruli and the nearby mitral cells (the output neurons
in the OB) in channel catfish (38) and zebrafish (13, 17, 39) are
activated by amino acid stimuli; (iv) in freely swimming cod,
feeding behaviors are elicited by electrical stimulation of the
lateral olfactory tract that contains mitral cell axons originating
from the lateral region of the OB (40); and (v) feeding behaviors
are impaired by surgical transection of the lateral olfactory tract
in crucian carp (32, 41). By combining genetics, neuroanatomy,
and behavioral analysis, the present results integrate these
previous circumstantial findings into convincing evidence to
prove that the selective neural pathway involving the lateral
chain glomeruli mediates the amino acid-induced attractive
behavior in zebrafish. The next important step will be to
elucidate how the amino acid information is transmitted beyond
the OB and decoded in higher olfactory centers for execution of
the attractive behavior.

Materials and Methods

Zebrafish. Zebrafish larvae were obtained in natural crosses and staged as
previously described (42, 43). Further details are provided in S/ Text.

To generate OMP:Gal4FF transgenic zebrafish, the hsp70 promoter of
T2KhspGFF plasmid containing a Gal4 DNA binding domain, 2 VP16 transac-
tivation modules, and 2 Tol2 transposon elements (25) was replaced with the
5’-flanking 2-kb sequence of the zebrafish OMP gene. The plasmid DNA was
coinjected with Tol2 transposase mRNA into one-cell-staged fertilized eggs
(24). The resultant fish were crossed with homozygous UAS:GFP reporter fish.

Koide et al.
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F1 larvae with the brightest GFP expression in ciliated OSNs were raised to
establish the OMP:Gal4FF transgenic line.

Gene trap lines (SAGFF), enhancer trap lines (hspGFF and hspGGFF), UAS-
:GFP fish, and UAS:TeTxLC fish were the same as described previously (25).
After several outcrosses, the fish lines with single insertions of SAGFF27A,
SAGFF91B, and SAGFF179A were established. Details of integration sites of
SAGFF are described in S/ Text.

To prepare zebrafish without the OE, the olfactory rosettes were surgically
removed under anesthesia with 0.016% tricaine (ethyl-m-aminobenzoate
methanesulfonate; Nacalai Tesque). For OE-removed fish, the behavioral
analysis was performed 1 week after the surgery.

Immunohistochemistry. Immunohistochemistry was performed for whole-
mount larvae and adult brain sections essentially as described previously (27).
Further details are provided in S/ Text and Table S1.

Behavioral Assay. Five- to 7-month-old fish (body length ~4 cm) were assayed
forresponses to a mixture of 8 amino acids (Ala, Cys, His, Lys, Met, Phe, Trp, and
Val; Sigma). Each fish was transferred to an experimental tank (6 X 25 X 17 cm
filled with 600 mL of water) and allowed to acclimate to the environment for
at least 30 min twice within a week before the experiments. Fish were starved
for 24 h before the experiments. A single fish was put in a tank, and its
movement was recorded for 12-16 min in each trial. After the prestimulation
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period (6—8 min), 0.6 mL of amino acid mix (0.1 mM each) was delivered into
a corner of the tank through a peristaltic pump (1.5 mL/min). The swimming
paths were analyzed using an automated videotracking system (Videotrack;
ViewPoint Life Sciences). The same behavioral assay system was used to
analyze zebrafish responses to taurocholic acid (Fig. S5).

Data Analyses. A Pl was calculated from the following equation: Pl = (Ta —
To)/(Ta + Te). Ta and Tc denote periods of time (min) for which fish stayed on
the amino acid side or control side, respectively. Pl values for every 1 min
during 7 min of observation were plotted in Fig. 3C, whereas Pl values for 2 min
after the amino acid application are shown in Fig. 4A. Further details are
provided in S/ Text.
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