


RESEARCH ARTICLE

A

[sp]
C
ISER N\
wi @ Reward 1
<§
Wt
N
Fan 1 Fan 2

(S (= [=]~]

Fan 3

Holding box

.l Ramp k| Reward 2

10in
25.4 cm

Fan 4 Fan 5

0 061218m/s

0 0.6 1.2 1.8(m/s)

Fig. 1. Rats were trained to localize airflow or light. (A) The arena’s entrance door is opposite five fans, placed around the arena circumference. A fence
confines the rat. Black solid lines indicate checkpoints. Five holes (black circles) allowed access to tunnels beneath the table (gray shadow) that led to a water
reward port (reward 1, black star), activated only for correct trials. A ramp led back to the holding box where a second reward (reward 2, black star) was given
for correct trials. (B) Airspeed color map shows that the maximum speed lies approximately along the line connecting fans and the entry door. (C) Five rats’
trajectories (all correct trials before vibrissal removal) superposed on airspeed color map.

Following vibrissal removal, all rats exhibited a notable decrement
(~20%) in their ability to localize the source of the airflow; this effect was
statistically significant in four of the five rats (Fig. 2A and table S2). In
contrast, none of the rats trained to localize the light source showed a
significant performance decrement. As expected, all rats could still per-
form the airflow localization task at levels well above chance (20%) re-
gardless of the presence of vibrissae, confirming that these sensors are
not the exclusive modality used for flow sensing.

To investigate the basis for inter-rat performance variability after
vibrissal removal, we performed a new experiment (see Materials and
Methods, “Localization threshold experiment” section) in which we
replicated the original experiment while manipulating airspeed. To de-
termine the localization thresholds of individual rats, we used a two-up/
two-down staircase paradigm. The vibrissae of three rats were allowed to
regrow for 1 month, and the rats were then retrained for 2 weeks on the
original experimental task (air speed, 1.1 + 0.3 m/s at the hole). After
2 weeks, the threshold experiment started. Each day of training began with
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the fans running at full speed (1.4 + 0.3 m/s at the hole); note that the full
speed in this threshold experiment was higher than the speed used in
the original experiment. Fan speed was decreased by 10% if the rat com-
pleted two trials correctly and increased by 10% following two incorrect
trials. After the fan speed was reversed six times, the resolution of the
speed change was decreased to 2%. On each day, data collection stopped
either after a total of 12 reversals (6 reversals at 10% and 6 at 2%) or after
~1.5 hours of testing, when the rat had lost interest in the task (fig. S3).

Comparing the results of the localization threshold experiment
across rats (Fig. 2B) offers a compelling explanation for the variability
in performance decrement. The localization threshold for rat 1 was
lower than the airspeed used during the original experiment, both
before and after vibrissal removal. This rat was sufficiently sensitive
to airflow that, although vibrissal removal caused a performance dec-
rement, it was not large enough to reach statistical significance. In con-
trast, the localization thresholds for rats 2 and 3 more closely bracketed
the 1.1 + 0.3-m/s airspeed used in the original experiment (87% of
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Fig. 2. Vibrissal removal degrades performance in airflow but not light localization. (A) Average (10-day) performance before (blue) and after
(red) vibrissal removal for rats trained to localize either airflow or light. Error bars show means + SEM. ***P < 0.001; *P < 0.05; n.s. (not significant), P

0.05; Wilcoxon rank sum test; median values are reported in table S2. (B) Average (6-day) localization threshold before (blue) and after (red) vibrissal
removal on the two-up/two-down experiment. Data show means + SD percent maximum airspeed. Dashed lines indicate the fixed airflow speed
used in Fig. 2A (87% maximum). (C) Average performance decrement (10-day average) with fixed airspeed is related to localization threshold
(12-day average). Data points show mean values; vertical lines indicate +SEM performance decrement; horizontal lines indicate +SEM threshold.

max); these rats exhibited significant performance reductions with
vibrissal removal. Figure 2C illustrates the relationship between per-
formance decrement and localization threshold for these three rats.

Complementing the performance decrement, the magnitude of the
localization error was also found to increase after vibrissal removal. Al-
though the rats’ trajectories during correct trials were generally straight-
line paths (Fig. 1C), their trajectories on incorrect trials deviated from
these paths, and this deviation increased after vibrissal removal (Fig.
3A). Deviation was quantified as the shortest (that is, orthogonal) dis-
tance from the rat’s position to the straight-line trajectory. Average
deviation was calculated in a two-step process: we first computed the
area enclosed by three curves—the straight-line trajectory to the correct
fan, the boundary of the arena, and the rat’s actual trajectory (fig. S4)—and
then divided the area by the length of the straight-line trajectory. Aver-
age deviation thus captures the extent to which the rat’s trajectory di-
verges from the straight-line path to the correct fan (see Materials and
Methods for more details on this metric). Figure 3B shows that on av-
erage, the deviation from the straight-line path increased 20.4% for all
rats trained to localize the airflow source; this effect was significant for
all but rat 1. In contrast, no significant changes in path length devia-
tion were observed for any rat in the control group trained to localize
the light source (Fig. 3B, fig. S5, and table S2).

The changes in path length deviation shown in Fig. 3 (A and B) sug-
gest that rats were choosing fans farther away from the correct source of
airflow. We confirmed this possibility by computing the percentage of
incorrect trials in which rats chose either a neighboring (incorrect)
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source or a nonneighboring (incorrect) source. This analysis effectively
measures the degree of spatial error in the rat’s localization choice (Fig.
3C). All rats trained to localize the airflow showed an increased ten-
dency to choose nonneighboring fans after vibrissal removal. When
pooled, the increase reached significance. In contrast, the rats trained
to localize the light source showed no consistent change.

DISCUSSION

Our results demonstrate that the rodent vibrissal-trigeminal system,
which has a well-established role in tactile detection and texture dis-
crimination (15 16), also contributes significantly to the detection
and localization of airflow. Results show not only that rats can exploit
information from the macrovibrissae for anemotaxis but also that they
do exploit it, even when multiple cues are available. The task used here
did not require rats to use their macrovibrissae; the animals were free
to choose whichever cues were most helpful. Performance after mac-
rovibrissal removal decreased for all rats but remained above chance,
indicating that rats do not rely on the macrovibrissae alone for ane-
motaxis. Alternative cues could include thermal information from the
snout, pinnae, and corneas, as well as mechanical cues from other sen-
sory hairs, such as the pelage (fur), tylotrichs, the microvibrissae, and
the residual lengths (<2 mm) of the macrovibrissae. Further studies
are required to assess the relative contributions from each of these oth-
er submodalities.
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