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specific neurons of adult flies and tested them in the Buridan’s 
paradigm (Fig. 1). The fixation index (FI) and walking distance 
were respectively used to measure the fixation behavior and loco-
motor activity (for more details see Material and Methods).

Fixation behavior and locomotor activity of the flies with 
TeTxLC expression in a group of GAL4 lines were unaffected. 
A variety of mushroom body and central complex-labeling lines, 
C739-GAL4 and 201y-GAL4,17,18 C232-GAL4, 189y-GAL4, 
C819-GAL4,19 C5-GAL4, C205-GAL4, NP6561-GAL4 and 
NP6510-GAL4,20 were used to drive TeTxLC expression for 
testing fixation and locomotor activity under the control of the 
temperature sensitive tub-GAL80ts. After temporally expressing 
TeTxLC by keeping the flies at the restrictive temperature of 
31°C for 24 hours, the flies showed no significant difference in 

function by driving tetanus toxin light chain (TeTxLC) expression 
temporally in several GAL4 enhancer trap lines using the GAL4/
UAS system under the control of the temperature sensitive tub-
GAL80ts. The flies with or without heat-shock treatment for 
TeTxLC expression were tested for visual fixation behavior and 
walking distance in Buridan’s Paradigm. Four GAL4 lines were 
able to produce defects in fixation and locomotor activity when 
temporally driving the expression of TeTxLC. Their expression 
patterns in the central nervous system were investigated.

Result

To find the neurons that affect the fixation behavior and 
locomotor activity, we expressed TeTxLC temporally in some 

Figure 1. Buridan’s paradigm and the fixation index (FI) defined to reflect the fixating ability of the flies. (A) Buridan’s paradigm. Above an elevated 
round platform surrounded by the water moat, a camera is positioned to capture images from the platform and transfer pictures to the computer. 
The round platform is virtually divided into 12 sectors. Hatched sectors refer to the sectors nearest to the black bars, corresponding with the hatched 
columns in the (C). (B) Tracks of a fly of wtcs in the Buridan’s paradigm. Flies keep walking back and forth between two opposing inaccessible black 
bars. (C) Distribution of appearance of wtcs in 12 virtually divided sectors in the 15-minute-long task. Each column corresponds to a sector on the 
platform and represents the occurrences of the flies in this sector. The two hatched columns refer to the two hatched sectors corresponding to the 
two opposing black bars in (A). (D) Fixation indices of wtcs in different modes. The hatched columns refer to the fixation performance of the flies with 
the presence of two black bars. The white column is the fixation performance of wtcs in the condition of no visual targets. The index of the flies in pres-
ence of two black bars is significantly higher than that without the bars (t-test, t = 8.54, p < 0.001). Error bars indicate SEMs. ***p < 0.001.
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tended to walk along the edge of the platform and seldom entered 
the central zone of the platform (Fig. 2A1 and 2). While walking 
from one side to the other side on the round platform, they circled 
without obvious direction most of the time. It seemed that they 
ignored the visual targets completely (Fig. 2A1 and 2). Only very 
few flies could go straightly or exhibit the preference for the visual 
targets. The flies without TeTxLC expression could normally fix-
ate the black bars (Fig. 2A3). The FI of the flies with TeTxLC 
expressed in the neurons driven by 104y-GAL4 was significantly 
lower than that of the flies without TeTxLC expression (t-test, t = 
5.95, p < 0.001, Fig. 2B). Further statistical comparison revealed 

the fixation index in comparison to the control groups without 
heat-shock treatment (Table 1). At the same time, no significant 
difference was found in walking distance (Table 2).

Fixation behavior of the flies with temporal TeTxLC expres-
sion in four GAL4 lines was affected. Four GAL4 lines, 104y-
GAL4, 121y-GAL4, 154y-GAL4 and 210y-GAL4 were found 
to be able to induce defective fixation behavior in the Buridan’s 
paradigm by temporally driving the expression of TeTxLC.

From the tracks of the flies in which TeTxLC was expressed 
temporally in specific neurons labeled by 104y-GAL4, we found 
that most of the flies demonstrated obvious thigmotaxis, i.e., they 

Table 1. Fixation Indexes (FIs) of nine fly lines in the Buridan’s paradigm

Lines
31°C 18°C

p Sig
n FIs n FIs

UAS-CntE/+;tub-GAL80ts/C5-GAL4 20 0.261 ± 0.014 17 0.277 ± 0.020 0.5205 ns

UAS-CntE/+;tub-GAL80ts/205-GAL4 19 0.234 ± 0.018 17 0.242 ± 0.009 0.6882 ns

UAS-CntE/+;tub-GAL80ts/NP6561-GAL4 18 0.274 ± 0.025 23 0.296 ± 0.012 0.3965 ns

UAS-CntE/+;tub-GAL80ts/NP6510-GAL4 24 0.285 ± 0.017 25 0.304 ± 0.017 0.4527 ns

UAS-CntE/189y-GAL4;tub-GAL80ts/+ 13 0.521 ± 0.024 12 0.485 ± 0.033 0.3989 ns

UAS-CntE/+;tub-GAL80ts/C819-GAL4 16 0.333 ± 0.044 15 0.339 ± 0.035 0.9094 ns

UAS-CntE/+;tub-GAL80ts/C232-GAL4 29 0.298 ± 0.019 26 0.281 ± 0.021 0.5431 ns

UAS-CntE/201y-GAL4;tub-GAL80ts/+ 5 0.313 ± 0.052 5 0.271 ± 0.041 0.5441 ns

UAS-CntE/C739-GAL4;tub-GAL80ts/+ 5 0.226 ± 0.027 9 0.266 ± 0.018 0.2369 ns

Flies with expressed TeTxLC in specific neurons were tested with heat-shock treatment (31°C) or without heat-shock treatment (18°C). The induction 
time of TeTxLC expression was 24 hours for all nine lines. n, number of flies. ns, no significant.

Table 2. Walking distances of nine fly lines during 15 min in the Buridan’s paradigm

Lines
31°C 18°C

p Sig
n Distance (mm) n Distance (mm)

UAS-CntE/+;tub-GAL80ts/C5-GAL4 20 4283.8 ± 389.49 17 5406.2 ± 455.14 0.0677 ns

UAS-CntE/+;tub-GAL80ts/205-GAL4 19 4891.5 ± 476.09 17 5449.3 ± 395.68 0.3803 ns

UAS-CntE/+;tub-GAL80ts/NP6561-GAL4 18 3788.5 ± 336.89 23 4442.9 ± 377.99 0.2168 ns

UAS-CntE/+;tub-GAL80ts/NP6510-GAL4 24 5649.9 ± 398.26 25 5320.4 ± 354.67 0.5388 ns

UAS-CntE/189y-GAL4;tub-GAL80ts/+ 13 3084.9 ± 288.77 12 3750.2 ± 499.11 0.2707 ns

UAS-CntE/+;tub-GAL80ts/C819-GAL4 16 3780.2 ± 260.63 15 3926.5 ± 272.22 0.7005 ns

UAS-CntE/+;tub-GAL80ts/C232-GAL4 29 8522.3 ± 424.76 26 7688.2 ± 352.28 0.1417 ns

UAS-CntE/201y-GAL4;tub-GAL80ts/+ 5 7193.8 ± 588.63 5 7352.0 ± 714.77 0.8685 ns

UAS-CntE/C739-GAL4;tub-GAL80ts/+ 5 5673.43 ± 987.12 9 5473.46 ± 727.93 0.8727 ns

Flies with TeTxLC expressed in specific neurons were tested with heat-shock treatment (31°C) or without heat-shock treatment (18°C). The induction 
time of TeTxLC expression was 24 hours for all nine lines. n, number of flies. ns, no significant.

Figure 2 (See next page). Temporally expressing TeTxLC by four GAL4 lines affected fixation behavior. Four GAL4 lines 104y-GAL4 (A and B), 121y-GAL4 
(C–D), 154y-GAL4 (E and F) and 210y-GAL4 (G and H) were used. (A, C, E and G) Typical examples of 15-min walking traces recorded in the Buridan’s para-
digm. (A1-2) TeTxLC expressed line 104y-GAL4/UAS-CntE;tub-GAL80ts/+ walked in circle along the edge of the platform. (A3) Control line with no TeTxLC 
expression walked normally. (C1-2) TeTxLC expressed line UAS-CntE;tub-GAL80ts/121y-GAL4 circled or cruised on the platform while treated for 3–5 
hours at 31°C. (C3) Flies of the control group with same genotype behaved normally. (E1-2) TeTxLC expressed line UAS-CntE/+;tub-GAL80ts/154y-GAL4 
showed circling behavior and preference for the edge. (E3) Flies without TeTxLC expression showed normal fixation behavior. (G1-2) TeTxLC expressed 
line UAS-CntE/+;tub-GAL80ts/210y-GAL4 displayed typical circling behavior. (G3) Flies without TeTxLC expression walked normally. (B, D, F and H) Fixa-
tion indices of different lines. Performance of line 104y-GAL4/UAS-CntE;tub-GAL80ts/+ (B), UAS-CntE/+;tub-GAL80ts/121y-GAL4 (D), tub-GAL80ts/154y-GAL4 
(F) and UAS-CntE/+;tub-GAL80ts/210y-GAL4 (H) are shown. Flies that were treated by heat-shock were indicated as open column. And the control groups 
with the same genotype as experimental groups but not ever treated by heat-shock were marked by hatched lines. GAL4 lines and UAS-CntE/+;tub-
GAL80ts/+ were marked by horizontal lines. Error bars are SEMs. **p < 0.01; ***p < 0.001.
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Figure 2. For figure legend, see previous page.
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of TeTxLC in the neurons labeled by 104y-GAL4, 121y-GAL4, 
154y-GAL4 and 210y-GAL4 not only caused abnormal fixation 
behavior but also dramatic decrease of locomotor activity. The 
flies with temporal TeTxLC expression driven by four GAL4 lines 
respectively showed significantly reduced total walking distance 
compared with the flies without TeTxLC expression (Fig. 3A). 
Meanwhile, walking speed was also significantly decreased in 
TeTxLC expressing flies (Fig. 3B).

To evaluate the locomotor activity of the flies, we calculated the 
walking distance of every 3 min of flies during a total period of 15 
min. All the lines of the flies without TeTxLC expression displayed 
high level of walking distance in the first 3 min, and gradually 
decreased as the time went by until the walking distance reached a 
stable level of around 800 mm by the last 3 min (Fig. 3C–F). On 
the contrary, lines with TeTxLC expression driven by 104y-GAL4, 
121y-GAL4, 154y-GAL4 and 210y-GAL4 showed lower level of 
walking distance in the first 3 min (Fig. 3C–F) compared with 
the control lines (104y-GAL4/UAS-CntE;tub-GAL80ts/+, t-test, t 
= 9.71, p < 0.001; UAS-CntE/+;tub-GAL80ts/121y-GAL4, t-test, t 
= 6.24, p < 0.001; UAS-CntE/+;tub-GAL80ts/154y-GAL4, t-test, t 
= 2.16, p < 0.05; UAS-CntE/+;tub-GAL80ts/210y-GAL4, t-test, t 
= 6.60, p < 0.001). Another distinct feature was that the declina-
tion of locomotor activities in the flies with TeTxLC expression was 
not obvious during the period of 15 min. Except UAS-CntE/+;tub-
GAL80ts/121y-GAL4, the other three lines with TeTxLC expression 
showed no significant decrease of walking distances between the 
first 3 min and the second 3 min (Fig. 3C, E and F). In the last 3 
min, the difference between the experimental group and the control 
group of each of the four lines was not significant any more (Fig. 
3B, C, E and F). It was worth noting that the induction time of 
the TeTxLC expression in Gal4 lines, 121y-GAL4, 154y-GAL4 and 
210y-GAL4, was 3–5 hours. If the induction time exceeded 6 hours, 
the flies would be immobilized and could not be tested any more.

The four GAL4 lines, 104y-GAL4, 121y-GAL4, 154y-GAL4 
and 210y-GAL4 showed normal locomotor activity and walking 
speed (Fig. 3A and B), and the performance of UAS-CntE/+;tub-
GAL80ts/+ was normal as well (Fig. 3A and B). The difference 
between the heated flies of wtcs and the control group of wtcs was 
not significant (Fig. 3A and B), suggesting that the heat-shock 
procedure did not influence the locomotor activity.

These results indicated that temporally expressing the TeTxLC 
in the neurons labeled by 104y-GAL4, 121y-GAL4, 154y-GAL4 
and 210y-GAL4 could affect the locomotor activity of the flies in 
Buridan’s paradigm.

Expression patterns of the four GAL4 lines driving GFP 
in central nervous system. To localize the neurons that might 
affect the fixation behavior and walking activity in Drosophila, 
we examined expression patterns of the four Gal4 lines in the 
central brain, optic lobe and thoracic ganglion.

that the FI of the flies with TeTxLC expression was not signifi-
cantly different from the theoretical random-mode value (FI = 
1/6, t-test, t = 1.69, p > 0.05).

When the neurons labeled by the 121y-GAL4 were interfered 
with the TeTxLC at 31°C for 3–5 hours, the flies’ fixation was 
severely damaged. The flies displayed irregular walking paths on 
the platform. Part of the flies showed typical circling tracks and 
preference for the edge (Fig. 2C1), and the other part of them 
seemed more like cruising on the platform without strong inter-
ests in the landmarks, usually moving straightly for quite long 
distance (Fig. 2C2). The control flies without TeTxLC expression 
could keep walking back and forth between the two black bars 
(Fig. 2C3). Compared with the control flies, the flies with TeTxLC 
expression showed significantly lower FI (Fig. 2D, t-test, t = 3.33, 
p < 0.01) which was not significant different from the theoretical 
random-mode value as well (FI = 1/6, t-test, t = 1.71, p > 0.05).

After heat-shock at 31°C for 3–5 hours, the flies with TeTxLC 
driven by 154y-GAL4 exhibited abnormal fixation behavior on 
the platform. Some of their paths showed typical small circles 
(Fig. 2E1), while some others showed larger circles (Fig. 2E2). 
The flies with no TeTxLC expression behaved normally in the 
Buridan’s paradigm (Fig. 2E3). Despite the occasional occur-
rence of fixation performance, the result showed that the FI of the 
flies with TeTxLC expression was significantly lower than that 
of the control flies (Fig. 1F, t-test, t = 3.74, p < 0.001). Again, 
there was no significant difference between the FI of TeTxLC-
expressing group and the theoretical random-mode value (t-test, 
t = 1.38, p > 0.05).

Among the four GAL4 lines, the flies expressing TeTxLC 
induced by 210y-GAL4 showed continuous circling behavior and 
preference for the edge (Fig. 2G1 and 2). Flies of the control 
group kept walking back and forth between two black bars (Fig. 
2G3). FI of the flies with TeTxLC expression was significantly 
lower than that of the flies without TeTxLC expression (t-test, t = 
5.52, p < 0.001, Fig. 2H). And the comparison between the FI of 
TeTxLC-expressing lines and theoretical random-mode value (FI 
= 1/6) was not significantly different (t-test, t = 1.36, p > 0.05). 
It was worth noting that induction time of TeTxLC expression in 
above three Gal4 lines was 3–5 hours. Extending the induction 
time caused immobility in flies.

Meanwhile, the control lines, 104y-GAL4, 121y-GAL4, 154y-
GAL4, 210y-GAL4 and UAS-CntE/+;tub-GAL80ts/+ all showed 
normal fixation behavior compared with the flies with TeTxLC 
expression (Fig. 2B and D–F).

In summary, the flies with temporal expression of TeTxLC 
respectively driven by the four GAL4 lines showed fixation defect 
in the Buridan’s paradigm.

Locomotor activity of the flies with temporal TeTxLC 
expression in four GAL4 lines was decreased. The expression 

Figure 3 (See next page). Temporally expressing TeTxLC by four GAL4 lines reduced locomotor activity. Four GAL4 lines 104y-GAL4, 121y-GAL4, 154y-
GAL4 and 210y-GAL4 were used. (A and B) Total walking distance (A) and walking speed (B) of flies in 15 min. Flies with heat-shock were indicated as 
open column. The control groups with the same genotype as experimental groups, but not ever treated by heat-shock, were marked by hatched lines. 
GAL4 lines, wtcs and UAS-CntE/+;tub-GAL80ts/+ were marked by horizontal lines. (C–F) Time courses of mean walking distance per 3 min bin of the flies 
in the Buridan’s paradigm. The spot line with circles referred the groups with heat-shock. The lines with triangles were control groups without heat-
shock. Error bars are SEMs. *p < 0.05; **p < 0.01; ***p < 0.001.
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Figure 3. For figure legend, see previous page.
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of the lobular complex, while that of 121y-GAL4 or 154y-GAL4 
was scattered all over the optic lobe. In the thoracic ganglion, 
the expression of 121y-GAL4 or 154y-GAL4 was observed in 
all thoracic ganglions, while the expression of 210y-GAL4 was 
in the abdominal neuromere and single neurons in the thoracic 
neuromeres (Fig. 4C).

Discussion

Here, we found that four lines, in which TeTxLC was temporally 
expressed in neurons respectively labeled by 104y-GAL4, 121y-
GAL4, 154y-GAL4 and 210y-GAL4, showed fixation and loco-
motor activity defect in the Buridan’s paradigm. Further, our 
neuroanatomic data provided important clues for mapping the 
neural circuits underlying the behaviors.

In the central brain, the expression of 104y-GAL4 was 
observed in the F1 and F5 layers of FB and the suboesopha-
geal ganglion in the central brain. Massive expression could also 
be seen in the lateral protocerebrum and near the calyx of the 
MBs. Outside the central brain, radial spoke-like signals were 
found in the optic lobe, especially in the layer 2 of the lamina 
with higher strength. 104y-GAL4 expression signal was also 
observed in ventrolateral areas of leg neuromeres in the thoracic 
ganglion (Fig.  4A). The other three Gal4 lines 121y-GAL4, 
154y-GAL4 and 210y-GAL4 showed similar expression in cen-
tral brain includes the F5 layer of the FB, the MB, the median 
bundle and the subesophageal ganglia despite of differences in 
F1 layer of the FB (Fig. 4B–D). As for expression patterns in 
optic lobe, the expression of 210y-GAL4 was found in the ser-
pentine layer (layer 7) of the medulla,21 and at the proximal rim 

Figure 4. Expression patterns of the four Gal4 lines in CNS of adult Drosophila. The Gal4 signal is visualized with mCD8-GFP in green, while the neuro-
pil visualized with nc82 antibody is in red. (A–D) Expression of 104y-GAL4 (A), 121y-GAL4 (B), 154y-GAL4 (C) and 210y-GAL4 (D) in brain, thoracic ganglion 
and optic lobe are shown. From left to right: the first column, central brain region at the level of mushroom bodies; the second column, central brain 
regions at the level of fan shaped body; the third column, optic lobe; the forth column, thoracic ganglion. Scale bars, 50 um apply to each column.
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Consistent with the performance of C31,10 and sim,11 in our 
results the defective fixation behavior was closely related with 
the locomotor activity. All the four lines with defective fixation 
behavior walked slowly and less as well. And their initial loco-
motor activities in the first 3 min were significantly decreased, 
which was also consistent with the results from sim.11 However, 
we still do not know whether the fixation behavior and locomotor 
activity are controlled by the same structure in the CNS or not, 
although the fixation behavior and locomotor activity appear to 
be interrelated from the behavioral results.

Comparison of the expression patterns of the four GAL4 lines 
allowed us to speculate the neurons for controlling the fixation 
behavior and walking activity. In the central brain, all four lines 
showed expression in the FB. In 121y-GAL4, 154y-GAL4 and 
210y-GAL4, staining comprised, in addition to the FB, the MB, 
the median bundle and the subesophageal ganglia. Although the 
staining of the subesophageal ganglia was found in the 104y-GAL4 
lines, it was different from the regions of the other three GAL4 
lines. In the 210y-GAL4 line expression also could be found in 
the PB. We did not find obvious expression in the EB of the four 
GAL4 lines. Besides the central brain, we also found the expres-
sion in the optic lobe and thoracic ganglion of the four Gal4 lines. 
In general, the 210y-GAL4 showed restricted expression pattern in 
the serpentine layer (layer 7) of the medulla21 and the abdominal 
neuromere, the other three GAL4 lines showed broad expression 
in the optic lobe and thoracic ganglia. From our observation, the 
photoaxis performance of the Gal4 lines with TeTxLC expression 
appeared to be largely normal, suggesting that the visual ability 
might not be severely disrupted by the expression of TeTxLC in 
the optic lobes of these Gal4 lines. On the other hand, although it 
was assumed that the fixation behavior and walking activity was 
controlled by central brain, we can not exclude the effect of optic 
lobe and thoracic ganglion at the moment.

Finally, thirteen different Gal4 lines which represent a mix-
ture of MBs and CC, were screened for adult-inducible tetanus 
toxin effects on fixation and locomotion. We found no clear effect 
on these phenotypes, except for some expression in the F5 layer 
of the fan-shaped body from four Gal4 lines. Different from our 
previous finding that the fan-shaped body is required for visual 
learning and memory,20 and the MBs for contextual visual learn-
ing,24 here we found that neither structure alone seemed to define 
the walking fixation phenotype. Rather, it seems to be a circuit 
problem specific to the nature of the four Gal4 lines that showed 
a phenotype. So it is worth noting that circuits, rather than struc-
tures, are important since expression patterns of the four Gal4 
lines that had effect seem to have little in common. Although our 
data provided some information on the neural circuits underlying 
the behaviors, more GAL4 lines together with various effectors 
are to be tested to map the neural circuits underlying the fixation 
behavior and locomotor activity more precisely in the future.

Material and Methods

Fly stocks. All flies were raised on standard corn meal/molasses 
medium25 under a constant 12 h light/12 h dark cycle at 60% 
humidity. In all experiments three- to five-day-old male and the 

In the experiments, we tested a variety of mushroom body and 
central complex-labeling lines, C739-GAL4 and 201y-GAL4,17,18 
C232-GAL4, 189y-GAL4, C819-GAL4,19 C5-GAL4, C205-
GAL4, NP6561-GAL4 and NP6510-GAL4.20 As previous report 
suggested that the expression of the effector reached maximal level 
after 6 hours heat-shock with GAL80ts,22 we extended heat-shock 
to 24 hours and observed no significant difference between the 
experimental groups and the control groups for both the fixation 
behavior and the locomotor activity. The explanation could be 
that the neurons labeled by these GAL4 lines might not be essen-
tially required for the fixation behavior and the locomotor activity 
though the structures (such as MBs or CC) that contain these 
neurons might actually be involved in these two behaviors.

In the results, when lines UAS-CntE/+;tub-GAL80ts/121y-
GAL4, UAS-CntE/+;tub-GAL80ts/154y-GAL4 and UAS-
CntE/+;tub-GAL80ts/210y-GAL4, were not heated, FIs of these 
three lines were still lower than the control GAL4 lines. This might 
be due to the relatively high GAL4 expression levels of the three 
lines which were not effectively repressed by tub-GAL80ts. This 
assumption was consistent with the heat-shock time on these three 
lines. Normally all the experimental groups, were treated by heat-
shock at 31°C for about 24 hours and recovered 6 hours before test. 
However, for the above three lines, the flies heated for more than 
6 hours did not move or just lie down. As reported previously, the 
expression level of reporter gene reached the half-maximal levels 
in the flies carrying GAL80ts compared to the control flies without 
GAL80ts after 3 hours heat-shock.22 So we controlled the heating 
period for 3–5 hours in order to evaluate the fixation behavior and 
locomotor activity of these lines. However, the 104y-GAL4/UAS-
CntE;tub-GAL80ts/+ flies still could be used for the behavioral test 
after heat-shock for 24 hours.

Comparing the time courses of mean walking distance per 
3 min bin of the flies in the Buridan’s paradigm, we found that 
temporally expressing the TeTxLC in the neurons labeled by 
104y-GAL4, 121y-GAL4, 154y-GAL4 and 210y-GAL4 could sig-
nificantly affect the locomotor activity at the beginning. Since at 
the last 3 min of the experiment the walking distances were not 
significantly different between the above four GAL4 lines with 
TeTxLC expression and the control lines without the TeTxLC 
expression, we assumed that the defective phenotype of these flies 
with TeTxLC expression was due to a lack of locomotor control, 
but not the general health problem.

Besides the circling behavior, the heated lines 104y-GAL4/
UAS-CntE;tub-GAL80ts/+, UAS-CntE/+;tub-GAL80ts/121y-
GAL4, UAS-CntE/+;tub-GAL80ts/154y-GAL4 and UAS-
CntE/+;tub-GAL80ts/210y-GAL4 showed preference for the 
rim of the platform or avoidance of the center to some extent 
during walking, which was interpreted as centrophobism and/
or thigmotaxis.23 When there were no stimuli in the environ-
ment, the thigmotaxis of the Drosophila was suggested to be 
regulated by the γ lobe of the MBs.23 Since the wild-type fly 
demonstrated fixation behavior in the presence of visual tar-
gets in the Buridan’s paradigm, it is natural to assume that the 
thigmotaxis was concurrently suppressed. Thus conversely, the 
thigmotaxis manifested by the four lines could be considered as 
defect in fixation behavior.
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At the beginning of an experiment, the wing-cut fly was 
tapped onto the platform from a vial. After the fly was accus-
tomed to the environments in about 10 s, the video begins to 
record the behavior.

Quantification of walking behavior. Normally flies were 
recorded continuously for 15 min with the presence of two black 
vertical opposite bars. In the paradigm wild-type flies (wtcs) 
sustained walking back and forth between the two black bars 
(Fig.  1B). So we assumed that in this symmetrical system no 
matter how the flies walked towards the visual targets, flies with 
the normal fixation should appear more frequently in the sec-
tors nearest to the landmarks (Fig. 1A, the two hatched sectors). 
To quantitatively evaluate the fixating ability of the flies, the 
round platform was virtually divided into 12 sectors while data 
were processed after experiments. In 15 min each fly contributed 
4,500 samples with 5 Hz sampling rate, most of which fall into 
two sectors that are oppositely nearest to the landmarks (Fig. 1C, 
the two hatched columns). So the fixation index (FI) describing 
the fixation behavior of the flies was defined as the time percent-
age, the period of flies walking in the sectors nearest to the black 
bars in proportion to the whole walking period (Fig. 1D).

To confirm the effectiveness of the parameter, wtcs was inves-
tigated in the random search mode, in which the flies walked on 
the platform without black bars presented. Comparison between 
the FI of wtcs in standard condition and that in random was sig-
nificant (t = 10.46, p < 0.001, Fig. 1D), indicating that FI could 
reflect the fixating ability of the flies effectively.

The distance flies walked on a platform during 15 min was 
used to refer to total locomotor activity. The walking distance in 
the last 3 min was also calculated.

Instant speeds of the flies were calculated at 1 Hz by the soft-
ware, and all the points in which the fly did not move were dis-
carded. At last instant speeds were averaged as speed index to 
show how fast flies walk.

Statistical analysis. The two sample t-test (α-level 0.05) to 
determine the significance of differences between strains was 
performed with the Origin 7. The one sample t-test was used to 
compare FI of the groups to the theoretical value in the random 
search (FI = 1/6) with the Origin 7.
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female flies were used alternately, wings of which were shortened 
to about one-third of their normal length under cold anesthesia 
12 h prior to experiments. All experiments were carried out dur-
ing daytime between 9:00 and 16:00 at 22°C–25°C. To exclude 
the possible effect of the circadian rhythm, the experimental flies 
and control flies were tested in a parallel manner everyday.

The following flies were used in the experiments, wtcs, 
C5-GAL4, C205-GAL4, C739-GAL4, 201y-GAL4, 189y-
GAL4, C819-GAL4, C232-GAL4, 104y-GAL4, 121y-GAL4, 
154y-GAL4, 210y-GAL4 and UAS-CntE were provided by M. 
Heisenberg, University Wuerzburg. NP6561-GAL4 and NP6510-
GAL4 were obtained from K. Ito, The University of Tokyo. tub-
GAL80ts was from the Bloomington Stock Center.

TeTxLC was chosen as effector to interfere with the normal 
functions of neurons. To control the expression of TeTxLC tem-
porally, UAS-CntE; tub-GAL80ts was generated as the Tubulin 
promoter could drive the ubiquitous expression of GAL80ts which 
inhibited the GAL4 expression at 18°C and lost effectiveness 
at 31°C. To induce the expression of the TeTxLC, most of the 
flies generated by the cross of GAL4 lines with UAS-CntE;tub-
GAL80ts were treated at 31°C for about 24 hours, and then recov-
ered at 18°C for at least 6 hours before the experiments. Lines 
driven by 121y-GAL4, 154y-GAL4 and 210y-GAL4, were treated 
at 31°C for 3–5 hours, for most of the flies would be completely 
paralyzed or die if the heat-shock time lasted over 6 hours.

Immunohistochemistry. Central nervous system of adult flies 
was dissected in cold PBS (phosphate buffer saline). Samples 
were fixed in freshly prepared PBS containing 4% paraformalde-
hyde for 2 hour at room temperature. After 3 x 15 min washed in 
0.5% PBT (PBS with 0.5% Triton X-100) the samples were incu-
bated with primary antibodies in 10% PNT overnight at 4°C, 
and then washed 3 x 15 min with PBT, followed by incubating in 
PNT containing secondary antibody overnight at 4°C. After 3 x 
15 min washes in PBT, the samples were mounted in Vectashield 
(Vector Laboratories) and viewed with a Leica TCS SP5 confocal 
microscope. Modifications were made using Adobe Photoshop 
(Adobe Systems) to obtain optimal visual effects. Monoclonal 
mouse anti-nc82 (kindly provided by E. Buchner, University of 
Wuerzburg, Germany) primary antibody was used at a dilution 
of 1:30. TRITC-conjugated anti-mouse secondary antibody 
(Jackson ImmunoResearch) was used at a 1:200 dilution.

Apparatus. In our experiments, we use Buridan’s paradigm 
which was described elsewhere.15,26 In brief, the wing-cut flies walk 
on a circular elevated platform (diameter 85 mm) surrounded by a 
water-filled moat to prevent their escapes. The moat is surrounded 
by a cylindrical inner wall made of light-diffusing materials and 
an outer wall, between which are four DC-driven ring-shaped 
lamps. Two identical black vertical bars were opposite on the 
inner walls. For a fly on the center of the elevated arena, the stripes 
extended over viewing angles of 11° horizontally and 61° verti-
cally. Above the arena, a camera (Nikon CoolPix990) connected 
with computer sampled position of the fly at 5 Hz, tracks of which 
were simultaneously processed and drawn on the screen using the 
software designed by laboratory staff (Fig. 1A).
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