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Abstract Directional selectivities of mechanoreceptors
that innervate ®liform hairs on the cray®sh tailfan were
investigated with unidirectional, sinusoidal, water-mo-
tion stimuli. These recordings provide the ®rst repre-
sentative sample from ®liform hair sensilla on the entire
tailfan. The ®liform hair receptors exhibit unimodal di-
rectional selectivity patterns that were well ®tted by a
cardioid function with a half-width of 122°. The pre-
ferred directions correspond to the major axis of hair
motion, and are perpendicular to the orientation of
lateral branches on the main hair shaft. Pooled plots of
preferred directions demonstrate quadrimodal patterns
on the telson and endopods which are associated with
hair location, and a bimodal pattern on the exopods.
For each appendage, the combination of the overall
pattern of preferred directions with ``coarse coding'' of
direction by individual receptors provides sensitivity to a
full 0±360° range of water motion and the potential to
discriminate the direction of water motion throughout
this range. The results demonstrate several similarities to
the wind-sensitive cercal receptor system in orthopteroid
insects, and suggest that crustacean ®liform hair recep-
tors provide a su�cient sensory basis for behavioral
orientation to water currents and shorelines.

Key words Mechanoreceptor á Filiform hair á
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Abbreviations G6 terminal abdominal ganglion á
R2-R5 abdominal nerve roots 2±5

Introduction

Arthropods possess a variety of cuticular hair, peg and
pit sensilla which function in mechanoreception and/or
chemoreception (e.g., Bullock and Horridge 1965; Bush
and Laverack 1982; Derby 1982; Barth and Blickhan
1984; McIver 1985). Filiform hair receptors, the subject
of this investigation, are specialized for sensing near-
®eld movements of the surrounding ¯uid medium (water
or air). The role of near-®eld receptors in giant inter-
neuron-mediated escape response pathways is well un-
derstood in both aquatic crustaceans and terrestrial
insects (reviewed by Krasne and Wine 1984; Boyan and
Ball 1990). The broader functional signi®cance of this
class of mechanoreceptors, however, includes orienta-
tion to prey in cray®sh and other aquatic arthropods
(e.g., Murphey and Mendenhall 1973; Breithaupt et al.
1995), gravity reception in crustacean statocysts (Taka-
hata and Hisada 1979; Neil 1993), and sensory feedback
for ¯ight stabilization in insects (Arbas 1986).

A basic functional feature of many ®liform hair
sensilla is their directional selectivity. Despite the ex-
tensive use of the cray®sh tail as a model for mechano-
sensory integration, there has never been a com-
prehensive investigation of directional selectivity on the
entire tailfan. Early physiological and morphological
investigations (e.g., Mellon 1963; Kennedy 1974; Ca-
labrese 1976; Wiese 1976) focused almost exclusively on
rostrolateral regions of the telson, which are innervated
by the paired fourth nerves (R4) of the terminal abdo-
minal ganglion (G6). The results of these studies sug-
gested that most, if not all tailfan mechanoreceptors are
sensitive only to rostrocaudally-directed stimuli, a con-
clusion which was also initially supported by recordings
from mechanosensory interneurons in G6 (Wilkens and
Larimer 1972; Wiese et al. 1976; Sigvardt et al. 1982).
Subsequent recordings from the mechanosensory ``cau-
dal photoreceptor'' interneuron in G6 under carefully
controlled stimulus conditions demonstrated maximal
sensitivity to transverse (lateromedial) water movements
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(Wilkens 1988; Wilkens and Douglass 1994), suggesting
that a subset of mechanosensory a�erents has good
lateral sensitivity. This view has received additional
support from anecdotal observations that long ®liform
hairs on the anterior medial telson are most easily dis-
placed by transverse water movements (Schmitz et al.
1993b). The present investigation surveys, for the ®rst
time, the directional sensitivity of ®liform hair sensilla
on the entire tailfan.

Cray®sh tailfan hair sensilla can be placed in three
general categories based on their external morphology
(Wiese 1976; Plummer 1984). Branched ``guard'' hairs
typically occur in pairs ¯anking an upright receptor hair;
the guard hairs lie ¯at on the exoskeletal surface and are
putatively sensitive to tactile stimuli (Wiese 1976). The
upright hairs include relatively short and stout smooth
tapered hairs, and ®liform hairs that are relatively thin
throughout the length of the main shaft, usually
``feathered'' with lateral branches, and often much
longer than the smooth tapered hairs (see Fig. 1 and
Results).

Our results demonstrate that the directional selectiv-
ities of individual ®liform hairs on the cray®sh tailfan
underlie a predictable pattern of overall directional
sensitivity for each appendage, and show that within the
horizontal plane, the tailfan displays sensitivity to all
directions. These ®ndings are important for under-
standing the processing of directional information by
near-®eld mechanosensory interneurons, and the role of
the tailfan in behaviors mediated by hydrodynamic sig-
nals (Schmitz 1992; Breithaupt et al. 1995). In addition,
the results suggest that despite important mechanical
di�erences between hairs in water and air (Devarakonda
et al. 1996), cray®sh tailfan ®liform hairs share many
functional similarities with the cercal ®liform hairs of
orthopteran insects (see Discussion).

Materials and methods

Experimental animals

The red swamp cray®sh Procambarus clarkii was the primary spe-
cies used in this study. A few experiments were performed on the
White River cray®sh, P. acutus, and the papershell cray®sh, Or-
conectes immunis; the latter collected locally in the Meramec River,
Missouri. P. clarkii and P. acutus are sympatric in the Mississippi
¯ood plains of southeast Missouri and regions further south.
Consistent data were obtained from each species (see Results for
details). Although both P. clarkii and P. acutus were obtained
initially from the Atchafalaya Biological Supply (Raceland, La.),
nearly all experiments were conducted on P. clarkii reared in tanks
located in a greenhouse. Cray®sh were fed chopped carrots and
pelleted trout chow (Purina), and provided with small clay pots for
hiding places. Laboratory-reared cray®sh were used to insure that
experimental animals had undamaged ®liform hairs, as those
shipped commercially are often damaged or infested with
ectocommensal branchiobdellid annelids. Small to medium-sized
intermolt male and female cray®sh, 3±10 cm total length rostrum
to telson, were used in experiments; most animals were 6±7.5 cm
long.

Dissection and physiological recordings

Mechanoreceptor activity was recorded from ®liform hairs on
isolated tailfan appendages. Cray®sh were decapitated, and the
abdomen was severed and immersed in cray®sh saline (modi®ed
from van Harreveld 1936; bu�ered with 4.2 mmol á l )1 HEPES, pH
7.2). A single appendage was isolated with its corresponding sen-
sory nerve root(s): exopod and root 2 (R2), endopod and root
3(R3), or telson and paired roots 4 and 5 (R4 and R5; Calabrese
1976). For stimulation and recording, nerve roots of larger indi-
viduals were immersed for approximately 1 min in saline contain-
ing 1% protease (Protease E, Sigma), partially digesting the nerve
sheath to provide larger-amplitude action potentials. Appendages
were then ®xed to the shaft of an electromechanical transducer
(Pasco Mechanical Wave Driver, SF 9324), and the preparation
was placed on a vibration isolation table TMC, 78 Series).

The stimulus paradigm employed for physiological recordings is
of a new design, the details and advantages of which are fully
described elsewhere (Wilkens and Douglass 1994). Brie¯y, the ap-
pendage was pinned vertically to a platform composed of a small
Lucite frame ®lled with silicone elastomer (Dow Corning, Sylgard).
The platform and transducer shaft oscillated vertically in a sta-
tionary saline-®lled bath (L ´ W ´ H � 7.5 cm ´ 5 cm ´ 5 cm)
with transparent glass sides, such that upward movements of the
appendage were equivalent to downward water motions. A hori-
zontal axle permitted rotation of the platform in the plane of the
appendage through an e�ective range of 360°, such that the vertical
movements simulated stimulus currents directed from antero-pos-
terior through medio-lateral angles (see Fig. 2 in Wilkens and
Douglass 1994). Vertical movement of the appendage in a station-
ary aquatic medium reduces or eliminates stimulus artifacts arising
from traveling waves that would otherwise compromise stimulus-
response measurements in near-®eld receptors. The stimulus
movements were unidirectional and sinusoidal, corresponding to a
1.5-Hz cosine wave with a 0.5-s delay inserted at t � p radians
relative to the onset of stimulation (see Fig. 2). This waveform
avoided sudden on-o� transients, and the delay at mid-cycle per-
mitted a clear separation of the responses to opposing unidirec-
tional stimuli. The modi®ed cosine wave was generated with a
function generator (Tektronix, FG501) controlled by external
trigger and gate pulse inputs (Wilkens and Douglass 1994). The
output was fed to a power ampli®er, and signal amplitude was
controlled in 10- and 1-dB steps with VHF series attenuators
(Hewlett-Packard, 355C and 355D).

Stimulus amplitude was calibrated and standardized prior to
each experiment by viewing the transducer shaft movements from
the side with a dissecting microscope. This method provided ac-
curate measurements of displacement amplitudes as small as
30 lm. Alternatively, a laser beam was focused on a small mirror
held between the transducer shaft and a stationary post, and a
photodiode array recorded changes in the position of the re¯ected
beam. This method resolved the transducer movements to ca.
0.1 lm peak-to-peak.

A�erent spiking activity was recorded from the nerve roots
using standard extracellular recording methods. A small (30±65 lm
inner diameter) saline-®lled suction pipette attached to the
mounting platform was connected to the ampli®er inputs by a thin
polyethylene tube and ®ne silver wire leads that did not inter-
fere with stimulus movements or rotation of the preparation. Im-
pulses were AC preampli®ed (WPI, DAM6), monitored with an
oscilloscope and loudspeaker, and single units were isolated with a
dual-threshold window discriminator (WPI, 121). Units that were
sensitive to low-frequency water movements were selected for fur-
ther study. To locate the hair associated with the windowed spikes,
an electrolytically sharpened tungsten needle mounted on a mic-
romanipulator was used to gently de¯ect hairs one by one while
viewing the probe tip with a microscope. De¯ection in a ``pre-
ferred'' direction increased the spike rate, and de¯ection in the
opposite direction sharply decreased the background activity,
con®rming that the windowed spikes originated from only that
hair. For receptors exhibiting very low background spiking, similar
con®rmation was obtained by demonstrating a reduction in exci-
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tation when the hair tip was held in a non-preferred position while
continuing the stimulus movements of the appendage.

Receptor responses were analyzed with peri-stimulus time his-
tograms, displayed on-line and stored to computer disks for sub-
sequent analysis. Initial experiments were performed using a
Nicolet MED-80 computer (Madison Wis.); later experiments
employed a Brainwave 80486 PC with Experimenter's Workbench
data acquisition and analysis software (Datawave Technologies,
Longmont, Colo.). After a single unit (occasionally two; see Re-
sults) was windowed and its hair identi®ed, responses to di�erent
stimulus amplitudes were tested with the appendage at an arbitrary
angle to establish a moderately suprathreshold stimulus amplitude.
The amplitude was then held constant while testing responses to
changes in stimulus direction at 30° intervals, followed by tests at
the intervening angles, producing an overall record spanning 360°
at 15° intervals. At the conclusion of the recording session the hair
was again probed to con®rm its identi®cation with the windowed
spikes.

Hair movement, morphology, and uropod postures

At the start of most recordings, a sketch of the appendage in the
vicinity of the hair was made under low-power microscopy so that
subsequently the hair could be reidenti®ed for hair mobility and/or
dimension measurements. Hair movements relative to stimulus
direction were measured using a second stimulation chamber em-
ploying an alternative method of vertical stimulation (see Fig. 1,
Wilkens and Douglass 1994). Here, the appendage was held sta-
tionary while the ¯uid oscillated sinusoidally at 1±10 Hz. The hairs
were observed in dorsal view at ´ 80 and illuminated with a strobe
(General Radio, Strobotac 1531-AB) that was triggered by the
function generator following an adjustable delay (Grass Instr., S48
stimulator). By varying the delay, the maximal hair displacements
could be visualized and measured at various stimulus directions
using an ocular micrometer.

For hair length measurements, a small section of the cuticle
(approximately 2 mm ´ 2 mm) containing the identi®ed hair was
excised and mounted on a rotating shaft in a small saline-®lled
chamber. This procedure permitted the hair to be oriented within
the focal plane, sketched with a camera lucida, and its dimensions
measured at ´100.

The typical range of uropod postures during forward walking
and alert standing was recorded on videotape. The orientation of
the exopods and endopods was de®ned as the angle between the
longitudinal axis of the telson and the proximo-distal ridge on the
dorsal surface of each appendage.

Data analysis

Peri-stimulus time histograms were calculated on-line by counting
the single-unit spikes in 15-ms bins and summing the histograms
from 15 presentations of the modi®ed cosine stimulus repeated at
2-s intervals. Responses to unidirectional stimuli were de®ned as
the numbers of spikes that occurred between stimulus onset and
maximum stimulus velocity in either the upward (t � 0 to p=2) or
downward (t � p to 3p=2) direction (see Results, Fig. 2), and were
used to construct polar plots of directional selectivity (Results,
Fig. 3). Spike counts were limited to the accelerating phase of the
stimulus in order to exclude spikes during return motion of the hair
toward its resting position (against the stimulus direction). This
return motion is due to the spring-like articulation of the hair with
the exoskeleton, and can begin before the end of each unidirec-
tional phase of the water motion (see Results).

Each response de®nes a vector (r; h), where r is the number of
spikes counted and h is the direction of water movement relative to
the appendage. The same vector can be de®ned in Cartesian co-
ordinates (x, y), where x � r � cos �h� and y � r � sin �h�. The mean
response vector is obtained from the averages of the x and y com-
ponents of individual responses:

X �
X

ri � cos �hi�; Y �
X

ri � sin �hi� ; �1�
and, assuming a unimodal directional selectivity pattern, the pre-
ferred direction is the angle de®ned by the mean response vector
(Batschelet 1981). The larger the magnitude of the mean response
vector, the more directionally selective are the responses.

Patterns of directional selectivity were compared by plotting the
preferred directions of receptors belonging to a particular ap-
pendage or sensory nerve root. The Rayleigh Test (Batschelet 1981)
was used to test the hypothesis that the preferred directions were
drawn from a uniform circular distribution. As will be seen in the
Results, each pattern of preferred directions suggested either a bi-
modal or quadrimodal distribution. The raw preferred directions
therefore were transformed to yield unimodal distributions, as re-
quired for application of the Rayleigh Test (see Batschelet 1981).

Results

We investigated the directional selectivities of individual
®liform sensilla on the cray®sh tailfan with respect to
hair morphology, hair mobility, and responses of the
receptors to unidirectional, sinusoidal, water motion.
The overall organization of directional selectivity was
then analyzed on each appendage and on the tailfan as a
whole.

Morphology and ¯uid-coupled movements

Filiform sensilla are restricted mainly to the dorsal sur-
faces of the tailfan including the telson and lateral (non-
overlapping) half of each uropod. The ®liform hairs
(Fig. 1A) are characterized by a thin, gradually-tapering
shaft, 7±15 lm wide at the base, and range in length
from less than 100 lm to at least 1000 lm. Variable
numbers of lateral branches extend outward and distally
for up to 80 lm, giving the hairs a feather-like appear-
ance. An important feature of the lateral branches is
their tendency to be constrained toward a single plane.
In shorter hairs, branching is typically profuse and oc-
curs along all but the most proximal portions of the
shaft, whereas branching is sparse or absent in longer
hairs, and occurs primarily along the distal half of the
hair shaft. Figure 1B compares a census of tailfan ®li-
form hair lengths measured from three P. clarkii (light
bars, n � 184) with the length distribution observed in
®liform hairs from which recordings were made (®lled
bars, n � 76). In both distributions, approximately 80%
of all ®liform hairs fell within the range 50±500 lm, with
a few longer hairs ranging from 500 lm to nearly
1000 lm. Although the very shortest ®liform hairs evi-
dently were missed during recordings, the physiological
sample is otherwise representative of a typical length
distribution. Smooth tapered hairs (Fig. 1A, rightmost
hair) were much shorter, stouter and less variable in
length than the ®liform hairs. Occasional measurements
of smooth tapered hair lengths on P. clarkii tailfans
including one complete survey (n � 32), showed a range
of diameter from 19 lm to 22 lm at the base, and
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lengths from 70 lm to 270 lm, with 75% between
100 lm and 200 lm.

Filiform hair de¯ections in response to water move-
ments are orientation selective, and the preferred ori-
entation can be predicted to a ®rst approximation by
observing the orientations of the lateral branches. In on-
axis views of the hair, the pro®les of the branches were
generally con®ned within an elliptical region approxi-
mately perpendicular to the preferred direction of hair
movement. The paired guard hairs, in contrast, were
invariably aligned parallel to the proximal-distal axis
to each appendage, and therefore were not accurate
indicators of directional sensitivity. A representative
example of ®liform hair movements in response to a si-
nusoidal, ¯uid-coupled stimulus is illustrated in Fig. 3A.
Although there was some mobility in all directions, the
overall pattern was bimodal, in this case with the largest
de¯ections during transverse motion relative to the
longitudinal axis of the appendage.

Physiological responses

Sensory receptors innervating the ®liform hairs, includ-
ing di�erent receptors recorded from a single prepara-
tion, exhibited various levels of spontaneous or
background activity. In unstimulated preparations,
some cells produced only occasional action potentials
while others averaged spike rates of 3±5 Hz. In contrast
with the variability among receptors, the activity of in-
dividual receptors was remarkably stable. For example,
the cell whose activity is illustrated in Figure 4A main-
tained a statistically uniform discharge rate (ca. 1.5 Hz)
for at least 2.5 min (G-test for goodness of ®t, P > 0:5).
Responses to periodic near-®eld water movements were
also stable, showing little or no adaptation for periods of
up to several minutes (Fig. 4B).

Figure 2 illustrates the characteristic directional re-
sponses of ®liform hair mechanoreceptors to ¯uid-cou-
pled sinusoidal stimulation. In this example, the initial
displacement was in the direction of maximal sensitivity.
The excitatory response was characterized by a rapid
increase in spiking activity immediately following stim-
ulus onset. Peak discharge rates for low-frequency
stimuli coincided with the portion of the stimulus cycle
(interval a; t � 0 to p=2) where stimulus velocity accel-
erated to a maximum. Qualitative observations suggest
that hair displacement in the preferred direction also
reached a maximum during this phase of the stimulus.
As stimulus velocity diminished (t � p=2 to p), the
spiking activity decreased rapidly. The onset of stimu-
lation in the opposite direction (interval b; t � p to 3p=2)
reduced the background activity as the hair was dis-
placed in the non-preferred direction for this receptor. A

Fig. 1A, B Filiform hair morphology and length distributions on the
cray®sh tailfan. A Schematic illustrations of typical long (left) and
short (middle) ®liform hairs with a smooth tapered hair (at right)
included for comparison, (guard hairs not shown). Scale bar 100 lm.
BHistogram comparing the distribution of ®liform hair lengths (0±99,
100±299 lm, etc.) censused from three P. clarkii (open bars, two
complete tailfans and the right half of a third, mean percentages
weighted for the individual sample sizes of 65, 61 and 58), with the
distribution of P. clarkii ®liform hairs identi®ed during single-unit
recordings (®lled bars, n � 76)

Fig. 2 Cumulative peri-stimulus time histogram (upper trace,
bin width � 15ms) of single-unit spiking in a representative ®liform
hair receptor during 15 cycles of stimulation with 1.5-Hz, unidirec-
tional sinusoidal water movements. The lower trace schematically
illustrates the time-course of water displacement during a single
stimulus cycle in which two 1.5-Hz, unidirectional sinusoidal water
movements were separated by a 500-ms delay. Data from similar
histograms were used to obtain directional selectivity plots (e.g., Figs.
3, 5) from the numbers of spikes during the initial stimulus movements
(intervals a and b, duration � p=2) at each of 12 appendage
orientations to the transducer shaft (see Methods), yielding 24
stimulus directions spanning 360°
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secondary discharge peak began during the ®nal stimu-
lus phase (t � 3p=2 to 2p), where stimulus velocity in the
non-preferred direction decelerated. The second excita-
tion was due to the return motion of the hair in the
excitatory direction as the diminishing water velocity
became insu�cient to maintain hair de¯ection in the
non-preferred direction. This conclusion is based upon
visual observations of hair motions during recordings,
while de¯ecting the hair with either the tungsten probe
or the sinusoidal water motion stimulus. Increased
spiking occurred during any hair movement in the pre-
ferred direction, whether the hair was moving away from
its resting position, or returning from a previous de-
¯ection in the non-preferred direction. Similar phase
relationships between the stimulus motion and spike
timing were observed in all recordings from ®liform
hairs. Mechanosensory interneurons in the terminal
ganglion also show similar response dynamics during
low-frequency, unidirectional, ¯uid-coupled stimulation
(see Fig. 2 in Wilkens 1988).

Polar plots of directional selectivity were constructed
by summing the numbers of action potentials in intervals
a and b of response histograms obtained at various
stimulus orientations. In contrast with the bimodal
movement pro®les of hairs (Fig. 3A), individual recep-
tors exhibited strictly unimodal directional selectivity
patterns (Fig. 3A±D). As illustrated in Fig. 3A, the di-
rectional selectivity of receptors corresponded closely

with the motion of the hair during ¯uid-coupled stimu-
lation. Similar results were obtained in several additional
physiological recordings from relatively long ®liform
sensilla followed by measurements of the hair motions.
Although shorter ®liform sensilla exhibited very small

Fig. 3A±D Directional selectivities of single ®liform hairs and hair
receptors. Proximal is upward and de®ned as 0°, arrows show
preferred directions and mean response vector amplitudes, and circles
centered at the origin inA,C,D illustrate themean background spiking
activity of the corresponding receptors, measured at two or more
appendage orientations. Background activity in B was negligible. A
comparison of the directional selectivity of a left endopod ®liform
receptor (solid trace, numbers of spikes versus direction of water
motion) with the directional mobility of the corresponding hair
(dashed trace, hair tip displacements during constant-amplitude water
motion; hair length � 880lm). The preferred direction of this
receptor was 73.3°. B Directional selectivity of a single unit on the
left endopod, tested at three stimulus amplitudes of 4:5 lm (solid
trace), 25lm (dashed), and 250lm (dotted), and showing very little
di�erence among the corresponding preferred directions (5.0°, 2.0°
and 0.8°, respectively; arrow shows the mean of these three preferred
directions). Hair length � 472 lm. C, D Examples of simultaneous
recordings from dually innervated hairs, illustrating the characteristic
precision with which the preferred directions of the two receptors are
opposed. C Left exopod (R2), preferred directions � 64:9� (solid
trace) and 244° (dashed); hair length � 352lm. D Telson (left R4),
preferred directions � 19:5� (solid trace) and 197.4° (dashed);
hair length � 308lm. Numbers of spikes and hair displacement units
were normalized to a unit radius (axis tics). Stimulus amplitudes for
A, C and D were 45 lm
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motion amplitudes that could not be precisely measured,
the observed directions of greatest mobility were also
consistent with the preferred directions of the associated
receptors. As illustrated in Fig. 3B, preferred directions
were a�ected little by stimulus amplitude (n � 4 hairs),
although larger displacements tended to broaden the
angular response function.

In 21 experiments it was possible to discern by their
spike amplitudes the activity of two receptors that
innervated the same ®liform hair. Although action po-
tentials from one of the two units were often di�cult to
distinguish from background activity due to their small
amplitude, manipulation of the identi®ed hair invariably
revealed that the most e�ective excitatory stimuli for
each of the two units were in opposite directions. Si-
multaneous recordings and analyses of directional re-
sponses were obtained from ®ve such pairs of receptors
that provided clearly windowed spikes. The data from
two of these receptor pairs are illustrated in Figs. 3C and
3D. In all ®ve pairs, the di�erence in preferred directions
was consistently near 180° (X � 178:8� � 3:4� SE). No

more than two receptor cells were ever detected in as-
sociation with a single ®liform hair.

The relationship between water movement direction
(h) and receptor response (R) was examined by setting
the preferred direction of each receptor equal to zero,
normalizing the minimum and maximum number of
spikes to 0 and 1, respectively, and pooling the data on a
single plot (Fig. 5). These data are well described by a
cardioid of the form

R�h� � �1� cos h�a=2a ; �2�
where a � 2:295 gives the best ®t (Fig. 5, thick line). The
value of a determines how broad or narrow the function
is. Thus, under the stimulus conditions employed, the
preferred directional selectivity function of these recep-
tors was considerably narrower than a standard cosine
function (a � 1, thin line in Fig. 5), with a half-width of
approximately 122° instead of 180°.

Patterns of directional sensitivity on individual
appendages

Each appendage showed a distinctive overall pattern of
®liform hair receptor directional sensitivity. These pat-
terns are illustrated in Fig. 6, which shows preferred
directions relative to the longitudinal (proximal-distal)
axis of each appendage (Fig. 6A±E) or the anterior-
posterior axis of the animal (Fig. 6E, F). On the exo-
pods, preferred directions on both the left and right
appendages (Fig. 6A and B, respectively) were clustered
in symmetrical bimodal distributions (A, P < 0:03,
n � 15; B, P < 0:01, n � 9) oriented obliquely to the
appendage longitudinal axis. Signi®cantly, all but one
exopod receptor exhibited preferred directions within
two opposing quadrants, regions that represent only
50% of the available angular range. In contrast, the

Fig. 4A, B Tonic spiking of ®liform hair receptors with and without
stimulation. A Low-frequency background spiking in a telson receptor
recorded from the right fourth nerve root (hair length � 267lm). B
Spiking in a right exopod receptor (root 2) shown before and after
onset (arrow) of stimulation with sinusoidal movement (45 lm peak-
to-peak amplitude, hair length � 440lm). A and B insets illustrate
spiking activity at a ®ner temporal resolution (bin width � 75ms),
and the relationship of spike times to the phase of the stimulus cycle
(sinusoidal trace above B inset)

Fig. 5 Responses of 95 ®liform receptors to unidirectional water
motion, with stimulus angles zeroed to the individual preferred
directions (see Eq. 1) and responses (open circles) normalized to the
minimum and maximum numbers of action potentials for each
receptor. Thick trace, best ®t to the cardioid function of Eq. 2, with
a � 2:295 (curve-®tting with Microcal Origin 3.5, Northampton,
Mass.). A standard cosine (thin trace, a � 1) is shown for comparison
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endopod receptors (Fig. 6C, D) exhibited quadrimodal
patterns of directional sensitivity (C, P < 0:001, n � 9;
D, P < 0:005, n � 12) with preferred directions clustered
about longitudinal and oblique axes. The eight record-
ings from P. acutus exopods and endopods (®lled
squares) were consistent with the patterns observed in
P. clarkii, and were included in the Rayleigh tests.

The telson also showed a strongly quadrimodal
overall pattern of preferred directions, which can be

decomposed into two bimodal patterns that are related
to the nerve root associated with each receptor and to
hair location on the telson. Recordings from left and
right R4 nerve roots (Fig. 6E, ®lled and open symbols,
respectively) produced a bimodal pattern oriented along
the rostrocaudal axis (P>0:001, n � 31), with maximal
sensitivities almost invariably restricted to a narrow
range of anteriorly or caudally directed water move-
ments. The two exceptions to this trend were also
atypical in other respects. The only leftward-sensitive
cell (Fig. 6E, open circle at left) was associated with a
hair on the medial anterior telson (see Fig. 7), a location
bordering the receptive ®eld for R5 (Calabrese 1976).
The second exception (caudolateral sensitivity, ®lled
triangle) represents one of two recordings from Or-
conectes immunis. Recordings from left and right R5
(Fig. 6E, dotted and cross-hatched circles, respectively)
also showed a bimodal pattern (P < 0:001, n � 19), but
unlike R4 receptors, R5 receptors were almost exclu-
sively sensitive to lateral or oblique water movements.
Here, the two exceptions were rostrally sensitive cells
that both were located on the caudal and caudolateral
telson (see Fig. 7). In summary, telson ®liform hair re-
ceptors were sensitive mainly in lateral or rostrocaudal
directions. Although these two preferred orientations
were clearly associated with recordings from R5 and R4,
respectively, preferred directions were also related to the
locations of the hairs on the telson (see below).

Patterns of directional sensitivity on the tailfan

Uropod angles with respect to the rostrocaudal axis of
the cray®sh were measured from videotapes of unre-
strained P. clarkii (n � 4 animals) while walking or
standing in a typical alert posture in which the tailfan is
held approximately parallel with the substrate. The
posture of the endopods varied little, their longitudinal
axes ranging from ca. 20° (adducted) to 30° (abducted)
from the posterior direction, whereas exopod postures
exhibited a broader range from ca. 30° (adducted) to 70±
80° (abducted). Figure 6F illustrates the pattern of
preferred directions pooled from the four uropods, as-
suming partially abducted postures of 25° for the
endopods and 65° for the exopods. The overall pattern is
bimodal (n � 45, P < 0:006), with preferred directions
clustered rostrally and caudally, and the bimodality is
due mainly to the exopods. Full adduction (not shown)
further increases the bimodal bias, while full abduction
produces a more uniform pattern.

In addition to the appendage-speci®c distributions
described above, each appendage exhibited a distinct
spatial pattern of preferred directions. Figure 7 com-
bines the preferred direction data from 95 receptors with
the known locations of the associated ®liform hair sen-
silla on the tailfan. As in Fig. 6F, the uropods are shown
at intermediate positions between the fully adducted and
abducted postures. On both the endopods and telson,
separate longitudinal columns of hair receptors can be

Fig. 6A±F Patterns of directional sensitivity of 95 ®liform hair
receptors, illustrated for individual tailfan appendages A±E and
pooled from the four uropod appendages F. The left A and right B
exopods both show bimodal patterns, whereas left C and right D
endopods and the telson E show quadrimodal patterns (see Results
for test statistics). Each point represents the preferred direction,
computed from a single-unit recording using Eq. 1 and rounded to the
nearest 5° interval. Angels are plotted relative to the longitudinal axis
of either the appendage (A±E, with proximal upward) or of the
cray®sh (F, with rostral upward). In F the endopods are held at
�=ÿ 25� and the exopods at �=ÿ 65� from the caudal direction.
Symbol shapes in A±E denote the species (circles, Procambarus clarkii;
squares, P. acutus; triangles, Orconectes immunis. In E and F, symbol
®ll patterns denote either E the nerve root from which each recording
was obtained (®lled, left R4; open, right R4; dotted, left R5; cross
hatched, right R5), or F the type of uropod appendage (®lled,
endopods; open, exopods)
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distinguished, the preferred directions of which were
almost exclusively longitudinal or transverse: on the
telson, the more medial sensilla responded best to
transverse motion, including most R5 sensilla and the
aforementioned R4 sensilla (Fig. 7, ®lled arrowhead)
located within the typical receptive ®eld for R5. Among
both the laterally and the most-posteriorly positioned
telson ®liform hairs, however, all but one were at least
partially sensitive to longitudinal (rostrocaudal) motion,
regardless of whether their axons projected to nerve root
R4 or R5. In a reversal of the telson pattern, medial
endopod receptors were sensitive longitudinally, and
lateral receptors, transversely. Meanwhile, the exopods
showed no clear relationship between receptor locations
and preferred directions, although the directional
properties of the three recorded ventral ®liform hair
sensilla (Fig. 7, arrows) were consistent with the overall
pattern observed on the dorsal surfaces. Together, these
data indicate that the development of the preferred di-
rections of ®liform hair sensilla depends more upon re-
ceptor location on the surface of the tailfan than on the
identity of the sensory root to which the receptor axon
projects.

A striking feature of the R5 recordings was that all
but one of the preferred directions measured from R5
receptors pointed medially (Fig. 7), as if the corre-
sponding hairs had unusually restricted mobility or were
only singly innervated. Other observations, however,
refute both conclusions: ®liform hairs within the R5
receptive ®eld are as easily de¯ected by leftward as

rightward water motion, and there is considerable evi-
dence for dual innervation of cray®sh ®liform hairs (see
Discussion), including two of the R5 recordings (Fig. 7).
All R5 ®liform hairs seem likely to be dually innervated,
but perhaps some shared biophysical feature of the
medially sensitive receptors makes them more accessible
to recordings.

Discussion

General conclusions

The directional sensitivity of the cray®sh tailfan to low-
frequency, low-velocity hydrodynamic stimuli was in-
vestigated by recording from the receptors of identi®ed
®liform hair sensilla during stimulation with unidirec-
tional water motion. All ®liform hair receptors exhibited
unimodal directional selectivity patterns. This type of
pattern is consistent with virtually all previous record-
ings from ®liform hairs, including raw spike traces from
cray®sh (Wiese 1976) and directional selectivity plots
from insect ®liform hairs (Tobias and Murphey 1979;
Westin 1979). The only exceptions to this trend are two
bimodal patterns recorded from telson receptors stimu-
lated with motion of a wire loop and involving relatively
large-amplitude displacements (Wiese 1976).

Whereas previous studies at the receptor level have
focused on properties of telson receptors innervated by
nerve R4, and have suggested almost exclusively
rostrocaudal sensitivity, primary mechanosensory in-
terneurons in G6 that receive tailfan inputs include units
with maximal sensitivity to leftward or rightward mo-
tion (see Introduction). Until now, the sensory basis for
these transverse sensitivity maxima has been uncertain,
as a system limited mainly to rostrocaudally sensitive
hairs would discriminate poorly between leftward and
rightward motion. Our results clearly establish that the
directional tuning characteristics of ®liform hair recep-
tors on each tailfan appendage provide a basis for un-
ambiguous directional discriminations (see below).
Although contralateral inhibition may re®ne the ipsi-
lateral directional information (cf. Marzelli and Wilkens
1979), there is no need to invoke central integrative

Fig. 7 Overall pattern of directional selectivity of 95 ®liform hair
receptors on the cray®sh tailfan. As in Fig. 6F, the uropods are held at
�=ÿ 65� (exopods) and �=ÿ 25� (endopods) from the caudal
direction; these positions are intermediate between the minimum
and maximum angles measured from unrestrained P. clarkii. Dashed
lines on the telson (after Calabrese 1976) indicate borders between the
receptive ®elds of paired sensory nerve roots 4 (anterolateral telson)
and 5 (medial and posterior telson). Dots indicate hair locations, and
the attached unit vectors show the preferred directions.Open circles, 12
hairs known to have been dually innervated and which yielded
quanti®able directional response data from at least one of the two
receptors. Arrows indicate three ventral hairs, recorded from the left
expod of P. acutus and the right exopod of P. clarkii. The arrowhead
on the telson marks an unusual R4 sensillum that was located within
the typical R5 receptive ®eld and was most sensitive to medial motion
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mechanisms (Miyata et al. 1997) to explain the direc-
tional properties of primary interneurons in G6.

The present recordings from P. clarkii mechanore-
ceptors (n � 85) constitute a representative sample of
tailfan ®liform sensilla, as the length distribution of their
associated hairs (n � 76) mirrors the mean length dis-
tribution in complete censuses of P. clarkii tailfans
(n � 2:5). The recordings encompassed sensilla from
virtually all tailfan regions containing ®liform hairs,
including one ventral hair. The similar preferred direc-
tion measurements from a small sample of P. acutus and
Orconectes immunis hairs (n � 10) suggest that among
epigeal freshwater cray®shes, interspeci®c di�erences in
receptor physiology or in the spatial arrangement of
directional classes are minor. In contrast, scanning
electron micrographs of tailfans of a blind cave cray®sh
(P. orcinus) suggest that in this cavernicolous species,
there is a dramatic shift toward longer ®liform sensilla
(L. A. Wilkens, unpublished observations).

The numbers of mechanoreceptor neurons reported
to innervate individual crustacean mechanosensilla vary
from two in ®liform hairs (Mellon 1963; Kennedy 1974;
Wiese 1976) to two to three in crustacean statocysts
(Bush and Laverack 1982). Consistent with the earlier
observations of ®liforms hairs, our recordings revealed
up to two mechanoreceptors. The present investigation,
however, focused speci®cally on tonic receptors that
respond to gentle water motions, thus omitting receptors
with more phasic properties. Moreover, ultrastructural
observations on cray®sh ®liform hairs (Wiese 1976)
suggest that some hairs may be innervated with three
or more receptor neurons. Since crustacean mec-
hanoreceptive sensilla are often accompanied by che-
moreceptors (Derby 1982; Hatt 1986; Mesce 1993), any
additional receptor(s) could be either phasic mechano-
receptors or chemoreceptors.

Directional tuning and coding in ®liform hair receptors

The broad, unimodal patterns of directional selectivity
exhibited by cray®sh ®liform hair mechanoreceptors
result from a combination of mechanisms. First, struc-
tural features of the hairs and their articulation with
the exoskeleton constrain them toward a single pre-
ferred plane of movement. Although ultrastructural
observations of the articulation in cray®sh suggest a
loose hinge-like arrangement (Wiese 1976), morpholog-
ical anisotropies in the articulation do not necessarily
correspond to directionality of spider trichobothrial ®l-
iform hairs (Barth et al. 1993). An alternative possibility,
supported by experimental evidence from cricket cercal
hairs (Kanou et al. 1989), is that the directionality arises
from a spring-like mechanism at the base of the hair.
The present investigation suggests a third structural
mechanism in ®liform hairs that have lateral branches:
the roughly coplanar distribution of the branches will
preferentially increase hydrodynamic drag (cf. Vogel
1994) and amplify displacements of the hair shaft in a

direction orthogonal to the branches. Any of these
purely morphological mechanisms may explain the ob-
served bimodal patterns of hair mobility, but not the
unimodal directional selectivity of receptor neurons.
Unimodality presumably arises from asymmetries in the
dendrite terminals at the base of the hair (Bush and
Laverack 1982; French 1988). There may, for example, be
asymmetries in the attachment of the dendrite to the base
(Mellon 1963), or in the spatial distribution of stretch-
sensitive channels within the dendritic membrane.

Broadly tuned responses to motion direction are
characteristic of various arthropod mechanoreceptors
(cf. Reissland and GoÈ rner 1978; Tobias and Murphey
1979; Westin 1979; Newland 1991), and are shared by
many direction-coding sensory and motor systems (re-
viewed by Sparks et al. 1997). In such a ``coarse-coded''
system (Heiligenberg 1987), a single receptor does not
uniquely encode direction. Instead, the ensemble activity
of several receptors contains directional information
that can provide for precise directional discriminations.
Theoretical studies (Heiligenberg 1987; Theunissen and
Miller 1991) suggest that the amount of directional in-
formation available from a population of coarsely coded
receptors depends on how broadly tuned the individual
receptors are and the positions of their response maxima
within the range of stimulus directions. Simulations
using four hypothetical mechanosensory interneurons
with cosine-shaped directional tuning curves (Theunis-
sen and Miller 1991) suggest that maximal transfer of
directional information corresponds to equal (90°)
spacing of the curves, with widths at half-maximum of
110°. Recordings from four interneurons in the wind-
sensitive cercal system of crickets showed equal spacing
and 130° half-widths, while the present recordings from
cray®sh primary mechanoreceptors correspond to a
mean half-width of 122° (Eq. 2). These similarities are
not surprising, given that both experimental datasets
were obtained using non-saturating, suprathreshold
stimulus amplitudes. Changes in stimulus amplitude or
speed, however, can modify the shapes of receptor tun-
ing curves (see Fig. 3B). Because excessively broad or
narrow tuning curves will diminish the quality of the
pooled directional information, it would be worthwhile
to investigate whether gain-controlling mechanisms (cf.
Burrows and Matheson 1994) act at some level to sta-
bilize directional tuning properties.

Integration of directional information
in the terminal ganglion (G6)

Both spiking and non-spiking mechanosensory inter-
neurons in G6 exhibit directionally selective responses to
mechanosensory stimulation of the tailfan (cf. Wilkens
and Larimer 1972; Tautz and Plummer 1994). Primary
mechanosensory interneurons have input from a variety
of sources, including convergent inputs from direction-
ally similar a�erents (Wiese et al. 1976), inputs from
separate ipsilateral nerve roots (Flood and Wilkens
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1978), and contralateral, inhibitory inputs (cf. Schultz
and Wilkens 1988). Beyond the expected pooling of ex-
citation from ipsilateral, directionally similar a�erents
with inhibition from contralateral, directionally dissim-
ilar inputs, additional insights into directional informa-
tion processing in the cray®sh are provided by
comparisons with an analogous insect system. In the
wind-sensitive abdominal cercal system of the cricket
Acheta domestica, directional information from the ®li-
form hairs is represented as a linear map in the terminal
ganglion (Jacobs and Theunisson 1996). Although there
is extensive overlap among the terminal arborizations of
a�erents having di�erent preferred directions, the cen-
ters-of-mass of their projection patterns form a curvili-
near, spiral-shaped map. In the cray®sh, information on
the morphology of tailfan a�erent projections is limited
mainly to mass forward ®lls of individual nerve roots
(Calabrese 1976; Kondoh and Hisada 1986, 1987;
Schmitz et al. 1993a). Although each root shows a dis-
tinct 3-D projection pattern, there is extensive overlap
with terminals from other sensory nerve roots (Kondoh
and Hisada 1987). Since the a�erents within each root
have a variety of preferred directions (see Figs. 6, 7), the
observed overlap does not preclude a cricket-like spatial
organization of directional information. In both sys-
tems, however, the hair-bearing appendages are move-
able, suggesting that proprioceptive inputs (Goldstein
and Camhi 1988; Field et al. 1990) are also important for
directional information processing. In cray®sh, stimu-
lation of the tailfan chordotonal organs produces pre-
synaptic inhibition near the terminals of as yet-
unidenti®ed tailfan hair mechanoreceptors (Newland et
al. 1996), suggesting that these proprioceptors may in-
deed modulate a directional map.

Possible functional roles of ®liform receptors
in aquatic crustaceans

The multidirectional information provided by the tailfan
receptors in cray®sh suggests an important role for the
tail as a general-purpose hydrodynamic sensor in long-
bodied decapod crustaceans. Such a role is supported by
experiments demonstrating speci®c behavioral responses
to directional hydrodynamic stimuli, albeit without dis-
tinguishing among receptor types or restricting stimu-
lation strictly to the tailfan. River-dwelling cray®shes
(Maude and Williams 1983) and blinded Norway lob-
sters (Newland et al. 1988) orient themselves upstream
or downstream in a ¯ow tank, and spiny lobsters orient
similarly to tidal currents in the ®eld (Walton and
Herrnkind 1977). In each case, however, the lowest ef-
fective current velocities were at least one to two orders
of magnitude above the threshold for similar reactions in
P. clarkii (1 mm á s)1; Ebina and Wiese 1984). In other-
wise still water, small water jets directed at the tailfans of
P. clarkii (Schmitz 1992) and the spiny lobster, Panulirus
argus (Wilkens et al. 1996) elicit antennal movements,
and similar attentive responses are elicited by the

swimming movements of potential ®sh prey (Breithaupt
et al. 1995). In contrast with these responses to near-®eld
hydrodynamic stimuli, the tail¯ip escape response is
elicited mainly by strong tactile stimulation (reviewed by
Krasne and Wine 1984).

Most of the potential functional roles discussed
above are characterized by relatively brief stimulation,
and may involve ®liform as well as other types of me-
chanoreceptors. Because of their tonic responses and
non-adapting properties, however, ®liform hair recep-
tors may be particularly well-suited for monitoring
steady or chronic hydrodynamic stimuli such as those
associated with ¯owing water and wave surge along
shorelines (Rudloe and Herrnkind 1980). Although
P. clarkii itself mainly inhabits open, marshy areas with
little or no dependable water ¯ow, macruran decapods
as a group occupy a variety of river, estuarine and ma-
rine habitats where water currents and oscillatory mo-
tions can provide predictable cues for orientation or
navigation. For river-dwelling organisms, upstream
rheotaxis has clear advantages for locating suitable
habitat (Momot 1966) as well as for ®nding food or
mates using both olfactory and hydrodynamic cues.
Many crustaceans also monitor their orientation relative
to the shoreline (Herrnkind 1983), information which
can be crucial for choosing an appropriate direction in
which to ¯ee an approaching predator. Whereas celestial
visual cues have often been implicated in this behavior
(e.g., Goddard and Forward 1989; 1991), there is also
evidence for the involvement of hydrodynamic receptors
in the absence of visual cues (Walton and Herrnkind
1977; Nishimoto and Herrnkind 1978; Nevitt et al.
1995). Our results suggest that responses pooled from
tailfan ®liform hair receptors in P. clarkii are well suited
for measuring directions of very small horizontal water
displacements. Moreover, in cray®shes and other deca-
pods, ®liform hair receptor inputs from the tailfan are
complemented by additional ®liform sensilla located
elsewhere on the body (Solon and Kass-Simon 1981;
Bush and Laverack 1982). Thus, in conditions where
visual cues are insu�cient, many decapods may be able
to rely upon ®liform mechanoreceptors for orientation
to water currents and to shorelines.

Acknowledgements Wayne Garver provided excellent electronics
advice and suggested the optical method for calibrating stimulus
amplitudes, and John Judd and Roya Houdei assisted with cray®sh
rearing. We thank Dr. David Russell and an anonymous reviewer
for their helpful comments on the manuscript. This work was
supported by a University of Missouri-St. Louis College of Arts
and Sciences Postdoctoral Fellowship to J.K.D. and a Whitehall
Foundation grant to L.A.W. The experiments complied with the
``Principles of animal care,'' publication No. 86-23 rev. 1985 of the
National Institutes of Health.

References

Arbas EA (1986) Control of hindlimb posture by wind-sensitive
hairs and antennae during locust ¯ight. J Comp Physiol A 159:
849±857

32



Barth FG, Blickhan, R (1984) Mechanoreception. In: Bereiter-
Hahn J, Matoltsy AG, Richards KS (eds) Biology of the in-
tegument, vol 1 (Invertebrates), VIII (Arthropoda). Springer,
Berlin Heidelberg New York, pp 554±582

Barth FG, Wastl U, Humphrey JAC, Devarakonda R (1993) Dy-
namics of arthropod ®liform hairs. II. Mechanical properties of
spider trichobothria (Cupiennius salei Keys.). Philos Trans R
Soc Lond B 340: 445±461

Batschelet E (1981) Circular statistics in biology. Academic Press,
New York

Boyan GS, Ball EE (1990) Neuronal organization and information
processing in the wind-sensitive cercal receptor/giant interneu-
rone system of the locust and other orthopteroid insects. Prog
Neurobiol 35: 217±243

Breithaupt T, Schmitz B, Tautz J (1995) Hydrodynamic orientation
of cray®sh (Procambarus clarkii) to swimming ®sh prey.
J Comp Physiol A 177: 481±491

Bullock TH, Horridge GA (1965) Structure and function of the
nervous systems of invertebrates vol II. WH Freeman, San
Francisco London

Burrows M and Matheson T (1994) A presynaptic gain control
mechanism among sensory neurons of a locust leg prop-
rioceptor. J Neurosci 14: 272±282

Bush BMH, Laverack MS (1982) Mechanoreception. In: Bliss DE
(ed) The biology of crustacea, vol 3 (Neurobiology: structure
and function. Academic Press, New York, pp 399±468

Calabrese RL (1976) Cray®sh mechanoreceptive interneurons: I.
The nature of ipsilateral excitatory inputs. J Comp Physiol 105:
83±102

Derby CD (1982) Structure and function of cuticular sensilla of the
lobster Homarus americanus. J Crust Biol 20: 1±20

Devarakonda R, Barth FG, Humphrey JAC (1996) Dynamics of
arthropod ®liform hairs. IV. Hair motion in air and water.
Philos Trans R Soc Lond B 351: 933±946

Ebina Y, Wiese K (1984) A comparison of neuronal and behav-
ioural thresholds in the displacement-sensitive pathway of the
cray®sh Procambarus. J Exp Biol 108: 45±55

Field LH, Newland PL, Hisada M (1990) Physiology and structure
of 3 new uropod proprioceptors in the cray®sh Procambarus
clarkii. J Exp Biol 154: 179±200

Flood PM, Wilkens LA (1978) Directional sensitivity in a cray®sh
mechanoreceptive interneurone: analysis by root ablation.
J Exp Biol 77: 89±106

French AS (1988) Transduction mechanisms of mechanosensilla.
Annu Rev Entomol 33: 39±58

Goddard SM, Forward RB Jr (1989) The use of celestial cues in the
o�shore escape response of the shrimp, Palaemonetes vulgaris.
Mar Behav Physiol 16: 11±18

Goddard SM, Forward RB Jr (1991) The role of the underwater
polarized light pattern, in sun compass navigation of the grass
shrimp, Palaemonetes vulgaris. J Comp Physiol A 169: 479±491

Goldstein RS, Camhi JM (1988) Modulation of activity in sensory
neurons and wind sensitive interneurons by cercal displacement
in the cockroach. J Comp Physiol 163: 479±487

Harreveld AD van (1936) A physiological solution for freshwater
crustaceans. Proc Soc Exp Biol Med 34: 428±432

Hatt H (1986) Responses of a bimodal neuron (chemo- and vi-
bration-sensitive) on the walking legs of the cray®sh. J Comp
Physiol A 159: 611±617

Heiligenberg W (1987) Central processing of sensory information
in electric ®sh. J Comp Physiol A 161: 621±631

Herrnkind WF (1983) Movement patterns and orientation. In:
Vernberg FJ, Vernberg WB (eds) The biology of Crustacea, vol
7: behavior and ecology. Academic Press, New York, pp 41±105

Jacobs GA, Theunissen FE (1996) Functional organization of a
neural map in the cricket cercal sensory system. J Neurosci 16:
769±784

Kanou M, Osawa T, Shimozawa T (1989) Mechanical polarization
in the air-current sensory hair of a cricket. Experientia 45:
1082±1083

Kennedy D (1974) Connections among neurons of di�erent types
in crustacean nervous systems. In: Schmitt FO, Worden FG

(eds) The neurosciences, third study program. MIT Press,
Cambridge MA, pp 379±388

Kondoh Y, Hisada M (1986) Neuroanatomy of the terminal (sixth
abdominal) ganglion of the cray®sh Procambarus clarkii (Gi-
rard). Cell Tissue Res 243: 273±288

Kondoh Y, Hisada M (1987) The topological organization of pri-
mary a�erents in the terminal ganglion of cray®sh, Proc-
ambarus clarkii. Cell Tissue Res 247: 17±24

Krasne BF, Wine JJ (1984) The production of cray®sh tail¯ip es-
cape responses In: Eaton R (ed) Comparative neurobiology of
startle and other fast escape responses. Plenum Press, New
York, pp 179±211

Marzelli GA, Wilkens LA (1979) Centrally-mediated synaptic in-
put: E�ects on an identi®ed cray®sh mechanosensory inter-
neuron. J Comp Physiol 134: 1±10

Maude SH, Williams DD (1983) Behavior of cray®sh in water
currents: hydrodynamics of eight species with reference to their
distribution patterns in southern Ontario. Can J Fish Aquat Sci
40: 68±77

Mclver SB (1985) Mechanoreception. In: Kerkut GA, Gilbert LI
(eds) Comprehensive insect physiology, biochemistry and
pharmacology, vol 6. Nervous system: sensory. Pergamon
Press, Oxford, pp 17±132

Mellon D Jr (1963) Electrical responses from dually innervated
tactile receptors on the thorax of the cray®sh. J Exp Biol 40:
137±148

Mesce KA (1993) Morphological and physiological identi®cation
of chelar sensory structures in the hermit crab Pagurus hir-
sutiusculus (Decapoda). J Crust Biol 13: 95±110

Miyata H, Nagayama T, Takahata M (1997) Two types of iden-
ti®ed ascending interneurons with distinct GABA receptors in
the cray®sh terminal ganglion. J Neurophysiol 77: 1213±1223

Momot WT (1966) Upstream movement of cray®sh in an inter-
mittent Oklahoma stream. Am Midl Nat 75: 150±159

Murphey RK, Mendenhall B (1973) Localization of receptors
controlling orientation to prey by the back swimmer Notonecta
undulata. J Comp Physiol 84: 19±30

Neil DM (1993) Sensory guidance of equilibrium reactions in
crustacean posture and locomotion. Comp Biochem Physiol
104A: 633±646

Nevitt GA, Pentche� ND, Lohmann KJ, Zimmer-Faust RK (1995)
Evidence for hydrodynamic orientation by spiny lobsters in a
patch reef environment. J Exp Biol 198: 2049±2054

Newland PL (1991) Physiological properties of a�erents from
tactile hairs on the hindlegs of the locust. J Exp Biol 155: 487±
503

Newland PL, Neil DM, Chapman CJ (1988) The reactions of the
Norway lobster, Nephrops norvegicus (L), to water currents.
Mar Behav Physiol 13: 301±313

Newland PL, Aonuma H, Sato M, Nagayama T (1996) Presynaptic
inhibition of exteroceptive a�erents by proporioceptiv a�erents
in the terminal abdominal ganglion of the cray®sh. J Neuro-
physiol 76: 1047±1058

Nishimoto RT, Herrnkind WF (1978) Directional orientation in
blue crabs, Callinectes sapidus Rathbun: escape responses and
in¯uence of wave direction. J Exp Mar Biol Ecol 33: 93±112

Plummer MR (1984) Frequency coding of waterborne vibrations
by the cray®sh. Dissertation. Stanford University

Reissland A, GoÈ rner P (1978) Trichobothria. In: Barth FG (ed)
Neurobiology of Arachnids. Springer, Berlin Heidelberg New
York, pp 137±161

Rudloe AE, Herrnkind WF (1980) Orientation by horseshoe crabs,
Limulus polyphemus, in a wave tank. Mar Behav Physiol 7: 199±
211

Schmitz B (1992) Directionality of antennal sweeps elicited by
water jet stimulation of the tailfan in the cray®sh Procambarus
clarkii. J Comp Physiol A 171: 617±627

Schmitz B, Bosch W, DroÈ mer R (1993a) The telson mechanosen-
sory system in the cray®sh Procambarus clarkii: development
and connectivity in the central nervous system. In: Wiese K,
Gribakin FG, Popov AV, Renninger G (eds) Sensory systems
of arthropods, vol II. BirkhaÈ user, Basel, pp 431±438

33



Schmitz B, DroÈ mer R, Bosch W (1993b) Connectivity of identi®ed
mechanosensory neurons in the terminal ganglion of the cray-
®sh (Procambarus clarkii). In: Elsner N, Heisenberg M (eds)
Gene-brain-behaviour. Proceedings of the 21st GoÈ ttingen
Neurobiology Conference. Thieme, Stuttgart, p 162

Schultz R, Wilkens LA (1988) Mechanosensory interneurons
(MSIs) in the cray®sh 6th abdominal ganglion are inhibited by
activation of other MSIs. Comp Biochem Physiol 91A: 571±579

Sigvardt KA, Hagiwara G, Wine JJ (1982) Mechanosensory in-
tegration in the cray®sh abdominal nervous system: structural
and physiological di�erences between interneurons with single
and multiple spike initiating sites. J Comp Physiol 148: 143±
157

Solon MH, Kass-Simon G (1981) Mechanosensory activity of hair
organs on the chelae of Homarus americanus. Comp Biochem
Physiol 68A: 217±223

Sparks DL, Kristan WB Jr, Shaw BK (1997) The role of popula-
tion coding in the control of movement. In: Stein PSG, Grillner
S, Selverston AI, Stuart DG (eds) Neurons, networks and
motor behavior. MIT Press, Cambridge, Mass., pp 21±32

Takahata M, Hisada M (1979) Functional polarization of statocyst
receptors in the cray®sh, procambarus clarkii Girard. J Comp
Physiol 130: 201±207

Tautz J, Plummer MR (1994) Comparison of directional selectivity
in identi®ed spiking and nonspiking mechanosensory neurons
in the cray®sh Orconectes limosus. Proc Natl Acad Sci USA 91:
5853±5857

Theunissen FE, Miller JP (1991) Representation of sensory infor-
mation in the cricket cercal sensory system. II. Information
theoretic calculation of system accuracy and optimal tuning-
curve widths of four primary interneurons. J Neurophysiol 66:
1690±1703

Tobias M, Murphey RK (1979) The response of cercal receptors
and identi®ed interneurons in the cricket (Acheta domestica) to
airstreams. J Comp Phyisol 129: 51±59

Vogel S (1994) Life in moving ¯uids: the physical biology of ¯ow,
2nd edn. Princeton, NJ, Princeton University

Walton AS, Herrnkind WF (1977) Hydrodynamic orientation of
spiny lobster, Panulirus argus (Crustacea: Palinuridae): wave
surge and unidirectional currents. Memorial University of
Newfoundland Marine Sciences Res Lab Tech Rep No 20: 184±
211

Westin J (1979) Responses to wind recorded from the cercal nerve
of the cockroach Periplaneta americana. I. Response properties
of single sensory neurons. J Comp Physiol A 133: 97±102

Wiese K (1976) Mechanoreceptors for near-®eld water displace-
ments in cray®sh. J Neurophysiol 39: 816±833

Wiese K, Calabrese RL, Kennedy D (1976) Integration of direc-
tional mechanosensory input by cray®sh interneurons. J Neu-
rophysiol 39: 834±843

Wilkens LA (1988) The cray®sh caudal photoreceptor: advances
and questions after the ®rst half century. Comp Biochem
Physiol 91C: 61±68

Wilkens LA, Douglass JK (1994) A stimulus paradigm for analysis
of near-®eld hydrodynamic sensitivity in crustaceans. J Exp
Biol 189: 263±272

Wilkens LA, Larimer JL (1972) The CNS photoreceptor of cray-
®sh: morphology and synaptic activity. J Comp Physiol 80:
389±407

Wilkens LA, Schmitz B, Herrnkind WF (1996) Antennal responses
to hydrodynamic and tactile stimuli in the spiny lobster, Pan-
ulirus argus. Biol Bull 191: 187±198

34


