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Abstract. Every chemosensory structure has a boundary layer surrounding it through which chemical signals
must pass before contacting receptor cells. Fluid motion in this boundary layer is slow and odor movement
is mainly by diffusion. The boundary layer structure depends upon external fluid velocities and the morphology
of the appendage. High-speed (10-200 Hz) electrochemical recordings from microchemical electrodes were
used to quantify chemical transport in the microscale environment of three morphologically different chemosen-
sory appendages of the lobster, Homarus americanus: lateral antennule, medial antennule and walking legs.
Controlled pulses of the odor tracer (dopamine) were delivered to the three appendages at three different
flow speeds (0, 3, 6 cm/s). The amplitudes of the pulses increased with increasing flow speed, indicating
that boundary layer thickness decreased with increasing flow speed. Larger pulse amplitudes were measured
in the walking legs than in the lateral or medial antennules at all flow speeds. In addition, larger amplitudes
were recorded in the medial antennule than the lateral antennule. Changes in pulse amplitude with increasing
flow speed were larger than changes in pulse duration. These results demonstrate that pulse amplitude is
affected more than pulse duration by boundary layer thickness and that the morphology of the receptor strucure
helps determine the structure of signals arriving at receptor cells. This may explain why animals have adopted
sampling strategies that reduce boundary layer thickness.

Introduction

Chemical signals are dispersed and transported by the fluid dynamics within any
particular environment. At spatial scales larger than 10 mm, turbulence is the domi-
nant physical process and the resulting chemical signal is patchy in structure (Atema,
1988; Moore and Atema, 1988, 1991). At spatial scales smaller than this, diffusion
begins to play a major role in determining odor patterns. The interaction between
turbulence and diffusion creates the structure of environmental chemical signals.

In order to sense chemical patterns, an organism must have a chemoreceptive organ
within the flow field delivering the odor signal. Any receptor structure placed in a moving
fluid (i.e. crustacean antennule, moth antennae, catfish barbel) has a boundary layer
surrounding it due to the 'no-slip' condition along the surface of the organ (Vogel,
1981; Tritton, 1977). The 'no-slip' condition states that fluid velocity at any solid surface
is, for all practical purposes, zero. Thus, a gradient of decreasing fluid velocities is
formed between the free flow velocity at a great distance away from the surface and
zero velocity at the surface. Within this boundary layer turbulence-dominated dispersal
slowly gives way to diffusion dominated processes. The changing dispersal processes
result in a change in the structure of the chemical signal.

Chemical signals are filtered and transformed as they pass from the free flow through
the boundary layer to receptor cell surfaces (Moore et al., 1989). The degree of change
(or filtering) will depend upon the boundary layer thickness which in turn depends upon
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the physical conditions of the flow within and around the receptor structures. The flow
conditions will depend upon the morphology of the receptor structure and fluid velocities.
Therefore, knowledge of boundary layer conditions of different receptor structures is
needed to understand the structure of chemical signals arriving at receptor cell surfaces.
Because of the complexity of receptor structures and various sampling behaviors
associated with the structures, boundary layer calculations are difficult (Cheer and Koehl,
1987a,b; Adam and Delbriick, 1968; Futrelle, 1984), making direct measurements
necessary.

The lobster, Homarus americanus, has three morphologically distinct receptor struc-
tures: the lateral antennule, medial antennule and first pair of walking legs. Each of
these appendages has a different sensory structure and sampling behavior (for review
of morphology see Laverack, 1988). Therefore, the boundary layer around each is likely
unique for each appendage and may give some insight into the chemosensory functions
of the different morphologies. The antennule is a biramous structure located near the
dorsal-rostral portion of the lobster carapace. The lateral filament of the antennule
contains many rows of aesthetasc sensilla which contain the dendrites from primary
chemoreceptor cells (Griinert and Ache, 1988; Laverack, 1988). Each hair is 0.03 mm
in diameter at the tip and 1 mm in length. The distal 0.8 mm of cuticle surrounding
the hair is thought to be completely permeable to odor molecules (Ghiradella et al.,
1968). The lateral antennule moves rapidly downward (flicking) to sample the environ-
ment. Flicking of the antennule reduces boundary layer thickness, and thus, increases
odor access to receptor cells. In contrast, the medial filament does not contain tufts
of aesthetasc hairs and does not flick. It slowly waves through the water. Finally, the
walking legs contain discrete tufts of sensory hairs called hedgehog hairs (Laverack,
1988). Each hair contains eight receptor cells with chemical access to the dendrites
through a single pore at the end of the hedgehog tuft. The legs do not move rapidly
through the water, but are waved slowly back and forth. Thus, both the morphology
and sampling behavior of each organ is distinct.

Our study was designed to quantitatively describe boundary layers at the spatial and
temporal sampling scales of these appendages. The morphology and physiology of the
appendages determined these spatial scales. To achieve spatial dimensions similar to
the aesthetasc sensillum, electrodes with 100—150 /im tip diameters were used. Just
as important as matching the spatial resolution of receptor cells and electrodes is the
matching of their temporal resolution. Temporal sampling rates of chemoreceptor cells
and organs are poorly understood. Estimates of receptor integration times must be drawn
from neurophysiological work involving flicker fusion frequency and receptor adapta-
tion. CNS neurons (Christensen and Hildebrand, 1988) and peripheral receptors
(Kaissling et al., 1987) in two different moth species give distinct responses to 10 Hz
odor pulses. Receptor cells of//, americanus (Voigt and Atema, 1990) begin to adapt
in 500 ms regardless of pulse duration. When odor is sampled by H. americanus, the
downstroke of the antennule takes about 100 ms (Moore and Atema, 1988; unpublished
video analysis). Based on these results we feel that a temporal sampling of 10 Hz in
an aquatic medium can give biologically relevant resolution of chemical signals. To
achieve these spatial and temporal scales we used a high speed electrochemical recor-
ding technique (Moore et al., 1989). This technique uses microchemical detectors that
are within the same spatial scales stated above. In addition, this technique can sample
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at rates up to 200 Hz. Thus, in the present study, we matched both the temporal sampling
rate and spatial sampling of receptor cells for studies of boundary layers in the three
chemosensory appendages of the american lobster, H. americanus.

Materials and methods

Electrochemical electrodes and recording system

The electrochemical electrodes used in diese experiments were of the graphite-epoxy
capillary type (tip diameters 100-150 /im; Gerhardt et al., 1984). High-speed elec-
trochemical recordings were made using custom-designed software in conjunction with
IVEC-5 (Medical Systems Corp., Greenvale, NY). The electrochemical recording elec-
trodes were sampled every 50 ms: analog-to-digital conversions of samples occurred
at 1 KHz and data were averaged for the 50 ms time epoch. The 50 ms measurements
involved the recording of 50 ms square-wave pulses [-0.20 to + 0.50 V versus a
silver/silver chloride (Ag/AgCl) reference electrode]. The general methodology for these
types of recordings has been described previously (Adams, 1990; Bard and Faulkner,
1980). Details particular for the use of this technique in an aquatic medium are given
elsewhere (Moore et al., 1989). In brief, all electrodes were calibrated in solutions
of dopamine prepared in raw (MBL feed Summer, 1990) sea water; pH 7.9 with a
conductivity of 46 mmho/cm. Electrodes exhibited excellent linearity over concentra-
tion ranges of 0.5 to 500 /xM. The stimulus for the electrodes contained 5 mM
dopamine, 0.2 mM ascorbic acid (as an anti-oxidant) and red food coloring as dye;
blank determinations showed that the dye did not produce appreciable electrochemical
responses itself (less than 1% of the dopamine response).

Flume set-up

Odor plume measurements were recorded in a recirculating flume with a clear glass
working area of 80x9.5x 15.5 cm (Moore ef al., 1989; Fig. 2). A carrier flow of raw
sea water was driven by an electrical motor and propeller connected to a variable DC
power source. Flow velocities of 0,3 and 6 cra/s were quantified by measuring particle
velocities. The 480 ms stimulus injections were controlled by valves (General Valve
P/N 3-111-900) connected to an electronic timer. The stimulus entered the carrier flow
through a plastic pipette tip (ID 400 urn).

Electrode mounting and placement

The electrochemical electrode and stimulus pipette were mounted together so that the
electrode was 4 cm directly down current from the stimulus pipette. These were mounted
together so that the distance between the stimulus pipette and electrode were constant
throughout all of the experiments. The different chemosensory appendages were excised
and immediately attached to a wire (30 gauge) connected to a micromanipulator. This
allowed direct visual placement of the appendage receptor areas to the recording surface
of the electrode. The electrode was placed at different areas in each appendage (Fig. 1).
For the lateral antennule, the electrode was placed at the bottom of the aesthetasc hairs.
For the medial antennule, placement was against the antennule and for the legs, the
electrode was located at the tip of the hedgehog hairs.
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F l u m e Wall

Fig. 1. Diagram of the experimental set-up showing position of stimulus pipette and electrochemical electrode.
The different appendages were placed against the electrode. For the lateral antennule, the electrode was placed
at the bottom of the aesthetasc hairs. For the medial antennule the electrode was located against the antennule
and for the walking leg, the electrode was placed at the pore opening of the hedgehog hairs. A section of
the lateral antennule is shown for recording orientation. Whole appendages were used for all experiments.
For morphological details on sensory structures see Laverack (1988).

Experimental protocol and data analysis

For control studies, ten pulses were recorded at each of the three flow speeds: 0, 3
and 6 cm/s. Five pulses were recorded in four separate appendages at each flow speed,
i.e. four lateral antennules, four medial antennules and four walking legs. Each of these
four appendages was taken from four different animals. Only two pulses were recorded
for the 0 cm/s for the lateral antennules and the walking legs because the duration of
the odor pulse was significantly longer than the other pulses (see results).

Pulse amplitude (for response intensity) and pulse duration (for adaptation) are impor-
tant characteristics of pulse shape for the electrophysiological response properties of
any sensory system and particularly for chemoreceptor cells (for reviews see Ache,
1988; Derby and Atema, 1988). Thus, we extracted these two characteristics from the
measured pulse shape to describe profile changes due to boundary layers and carrier
flow speeds. ANOVA tests showed no significant differences between the individual
appendages within any group, so the four different appendages were combined for further
data and statistical analysis. ANOVAs were used to analyze differences between flow
speeds and appendages. Tukey-Kramer multiple comparison tests (T—K) were used
to determine differences between specific groups (Sokol and Rohlf, 1981).

Fine scale quantification of the boundary layer surrounding the lateral antennule

Chemosensory input from the lateral antennule plays an important role in orientation.
In addition, the lateral antennule has a specific sampling behavior that increases receptor
responses (Schmitt and Ache, 1979). Thus, we designed two separate experiments to
quantify the boundary layer conditions under two different flow regimes: flicking and
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Fig. 2. Changes in pulse amplitude (A) and pulse duration (B) in relation to carrier flow rate. Bar height
represents means ±SEM of 10 samples.
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Fig. 3. Examples of raw pulse shape in the boundary layer of the three different appendages at 3 cm/s; Lateral
(solid line) and medial (dotted line) antennules, and walking legs (dashed line). Solid inverse triangle marks
the release of a 480 ms odor pulse of 5 mM dopamine 4 cm up-current.

non-flicking situations. An excised lateral antennular filament was placed in the cylin-
drical flow compartment of an electrophysiological recording chamber (Moore et al.,
1989; Fig. 3) with the aesthetasc hairs pointing upward. A single carbon fiber electro-
chemical electrode was placed at five different sites within the tuft of aesthetasc hairs.
These sites were approximately 0.01, 0.3, 0.7, 1 and 2 mm from the base of anten-
nule. Absolute heights could not be determined due to visual distortion through the
walls of the recording chamber. The flow conditions and recording chamber are iden-
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tical to the initial boundary layer recordings performed by Moore et al. (1989). An
artificial seawater background flowed at 20 ml/min (2.6 ±0.3 cm/s) through the main
channel. The tracer (2 mM dopamine, 0.05 mM ascorbic acid) was injected by a valve
(180 ms opening) into one of the side ports. Ten pulses were recorded at 10 Hz for
each depth.

To model the fluid dynamics during a flick, the excised antennule was placed with
aesthetasc hairs pointing upward on top of a clay ridge in an open top ASW bath. Tracer
(100 fi\; described above) was hand injected by pipette into the aesthetasc hairs directly.
Electrochemical recordings in this set-up were performed at 200 Hz using custom soft-
ware for IVEC-5 (see Moore et al., 1989). Five pulses were recorded at three depths;
2, 0.3 and 0.01 mm from the base of the antennule.

Results

Effect of flow velocity on pulse shape

In the control groups, both the pulse amplitudes and durations significantly decreased
with increasing carrier flow (Fig. 2; ANOVA F-test, P < 0.001 and P < 0.001,
respectively). Pulse amplitude decreased from 42 fiM (0 cm/s) to 28 pM (3 cm/s) to
17 pM (6 cm/s). T—K multiple comparisons showed that each of the means were
significantly different (P < 0.01). This same trend and significant difference was found
in the pulse duration (P < 0.01) except for pulse duration at 3 and 6 cm/s (not signifi-
cant). In order to define changes in the pulse shape that were due to morphological
differences and not to flow speed, pulse amplitudes and durations were normalized to
control levels at a particular speed.

Effect of morphology on pulse shape

Each of the different appendages had a qualitatively different pulse shape (Fig. 3). The
difference in pulse shape is apparent in the amplitudes, but there is little or no difference
in the pulse durations. Figure 4 shows the mean (±SEM) pulse amplitudes and dura-
tions for the three different appendages at the three different flow speeds. The walking
leg had significantly higher pulse amplitudes at all speeds than both the medial anten-
nule and lateral antennule (Fig. 4a: P < 0.05 leg v. medial: T - K test P < 0.01 leg
v. lateral). (Note: the pulse amplitude for walking leg at 3 cm/s was not significantly
different from the amplitude for the medial antennule at that speed.) The pulse amplitude
for the medial antennule was significantly higher at all speeds than the lateral anten-
nule (P < 0.01 at 0 and 3 cm/s; P < 0.05 at 6 cm/s). The lateral antennule had
significantly longer pulse durations than both the medial antennule and the walking leg
at 0 cm/s (P < 0.01). The pulse durations (Fig. 4b) for all appendages at the 3 and
6 cm/s flow speeds were not significantly different from each other or the controls.

Effect of flow speed on boundary thickness

Figure 5 shows the changes in pulse amplitude (Fig. 5a) and duration (Fig. 5b) as
normalized for the control values at a particular speed. The pulse amplitude (Fig. 5a)
for all three appendages increases in amplitude as compared to control values. This
indicates that the increase in flow speed has a greater effect on decreasing the boun-
dary layer thickness than decreasing the pulse amplitude. Thus, as the flow rate increased
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Fig. 4. Changes in pulse amplitude (A) and pulse duration (B) in relation to three different chemosensory
appendages; lateral antennule, medial antennule and walking leg of the lobster, Homarus americanus. Pulses
were measured at three different flow speeds: 0 (solid circles), 3 (solid triangles), 6 (solid squares) cm/s.
Points represent means ±SEM of 10 samples for controls, 8 samples for L. And and W. Leg at 0 cm/s,
and 20 samples for all others. Numbers above lines are values of missing points.

the amount of 'odor' getting through the boundary layer also increased. The changes
in pulse duration (Fig. 5b) were not as consistent as the changes in pulse amplitude
(Fig. 5a). There was an initial decrease in pulse duration in all three appendages as
the flow speed increased from 0 to 3 cm/s. From 3 to 6 cm/s, the pulse duration for
the lateral antennule continued to decrease. The pulse duration for the walking leg stayed
constant, while the pulse duration for the medial antennule increased slightly.

Flick and non-flick conditions for the lateral antennule

Every aspect of the pulse shape is changed at the different depths within the boundary
layer of the lateral antennule. The free flow pulse (Fig. 6; 2 mm) has completely passed
the electrode before it arrives at the lowest sampling site (Fig. 6; 0.01 mm). Changes
in the temporal characteristics are gradual changes with increasing boundary layer depth
(Fig. 6). By contrast, if we mimic a flick by forcing the water into the aesthetasc hairs,
there is no difference between the free flow pulse shape and the pulse shape deep into
the aesthetasc hairs (Fig. 7). During these rapid water velocities, there is equal odor
access to all depths of the aesthetasc hairs. Once the water velocity subsides, the hairs
close and slow movement of odor out of the boundary begins (Fig. 7; gradual changes
in the last part of curves).
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Fig. 6. Temporal profile of odor pulse in the free flow of the stimulus chamber (described in Moore et al.,
1989: Fig. 3) and at various depths within the boundary layer of the aesthetasc hairs: All pulses are from
an identical 180 ms valve injection of dopamine as detected by a carbon-fiber microelectrode (30 jun diameter).
•Injection point at / = 0. Numbers above curves are approximate height (mm) above base of aesthetasc hairs
on the antennule (see inset).
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Fig .7. Temporal profile of odor pulse in a reversed flow flick as measured at various heights (mm) above
the base of the antennule (compare numbers above curves to Fig. 6). All pulses resulted from hand injections
of 100 /il of dopamine at t = 1.

Discussion

Our results show that the distinct morphology of each receptor structure results in a
distinct boundary layer. Specifically, under the flow conditions employed in this study,
the walking leg had greater odor access (indicated by higher pulse amplitude) than either
the lateral or medial antennule. Under odor sampling conditions (flick), the lateral anten-
nule has equal odor access to all depths of the aesthetasc hairs.

The boundary layer surrounding a receptor structure will act as a smoothing filter
for incoming odor signals; aspects of the odor signal are changed by the boundary layer
(Figs 3 and 6). Pulse amplitude and pulse duration will be changed depending upon
the thickness of the boundary layer. The thickness and structure of the boundary layer
will depend upon the morphology of the chemoreceptor appendage and the fluid velocity.
This means that identical odor pulses in the environment will be different in the
microscale environment of different chemosensory appendages. In the lobster's situa-
tion, the three different appendages will have different boundary layers which result
in different filtering of incoming odor pulses, i.e. the walking legs will receive the
higher pulse amplitude while the other appendages will be lower. Each of the lobsters
organs, lateral and medial antennule, and walking legs, have a distinct morphology
and, therefore, each organ will have a unique boundary layer. This will result in organ
specific filtering of incoming odor signals.

Recent physiological investigations on chemoreceptor cells have studied such
properties as flicker fusion and adaptation (Voigt and Atema, 1990; Christensen and
Hildebrand, 1988; Kaissling et al., 1987). These properties are important for the percep-
tion and extraction of information from environmental odor signals. However, before
these properties can be studied in detail or put into proper perspective, the structure
of environmental odor signals and the filtering effects of boundary layers must be
elucidated. By studying these issues first, the frequency components and temporal struc-
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ture in odor signals and those signal components that actually reach receptor cells can
be discovered.

Environmental odor signals are (at macroscales) turbulent in structure. This turbulent
structure is patchy and results in fluctuating concentrations down current (Murlis and
Jones, 1981; Moore and Atema, 1988, 1991). Fluid velocities and turbulence will deter-
mine the frequency components inherent in environmental signals. In an initial study,
Moore and Atema (1991) have shown that maximum frequencies in one aquatic plume
are around 4 Hz. For those appendages that do not actively sample the environment,
i.e. walking legs and medial antennule, the boundary layer will decrease these frequencies
further. For the lateral antennule, flicking may actually enhance these frequencies by
decreasing the boundary layer by increasing the local fluid velocities. Only by studying
boundary layers, odor plumes and sampling behavior will we know the biologically
relevant stimulus energies for receptor structures and cells.

Animals can control the filtering done by the boundary layer by either altering the
morphology of receptor structures or controlling the fluid motion surrounding receptor
structures. There are many examples of animals controlling fluid motions by precise
or stereotyped sampling behaviors. Crustaceans can control the boundary layer thickness
by flicking their antennules (Snow, 1973); lobsters only flick their lateral filament.
Catfish will periodically flick their barbels rapidly. Vertebrates (aquatic and terrestrial)
will sniff which increases the fluid velocities in the nasal cavity.

For crustaceans in particular, the dense tuft of aesthetasc sensilla on the lateral anten-
nule prevents fluid flow (and odor access). However, when the antennule is flicked,
the sensilla are driven through the water at high velocities (14—15 cm/s; Moore, 1991)
allowing water to flow through the sensilla. This flicking allows equal access of odor
to all depths within the aesthetasc tuft (Fig. 7) and increases receptor responses (Schmitt
and Ache, 1979). This results in two important properties of chemosensory sampling
for the lobster and other crustaceans with similar chemosensory sampling. First, during
the non-flicking intervals, receptors are adapting to the odor trapped within the boun-
dary layer. Secondly, since 'new' odor access is limited to flicking periods, it creates
a digitized sample of the continuous odor signal. Some fish also sample the environ-
ment in discrete fashion (cyclosmates; see Doving et al., 1977). Both of these properties
play an important role in the filtering and perception of odor signals.

Inter-flick intervals can range from 250 ms to several seconds. During this time,
receptor cells are constantly in the presence of the 'old' odor sample trapped within
the boundary layer. The actual concentration within the hairs will slowly change depend-
ing on several processes, including stimulus uptake, enzymatic degradation (Carr et al.,
1990; Trapido-Rosenthal et al., 1987) and diffusion. During this period receptor cells
will begin to adapt to the odor concentration around them which will alter their response
characteristics to the next odor pulse (Voigt and Atema, 1990; Borroni and Atema,
1988, 1989; Kaissling et al., 1987). Models of receptor filtering show that the degree
of adaptation will greatly change the 'perception' of the odor plume by receptor cells
(Moore and Atema, 1988).

Flicking creates a digitized sampling record of the environment. This is different
from the medial antennule and walking legs of the lobster and the nose ventilation in
some fish (isomates; see Derving et al., 1977), which have continual movement of water
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over the appendage or receptor cell surfaces. There are two possible functions of this
type of chemosensory sampling:
(i) digitized sampling can enhance certain aspects of directional and/or distance infor-

mation within the turbulent odor signal;
(ii) flicking is necessary to deliver fluid flow to the low flow environment of dense

receptor packing.
Preliminary computer simulation of discrete and continuous sampling on the extrac-
tion of information from odor signals shows that there is no difference in the type of
information available under these two sampling methods (Moore and Atema, 1988).
Although this is a preliminary analysis, this would indicate that flicking is primarily
used as a method of delivering stimulus to a large number of receptor cells, and not
to enhance information extraction. Further experimentation is needed to determine
whether this hypothesis is true.

As we found in this study, boundary layer thickness decreases with increasing flow
speed. If flicking is used only as a method to reduce boundary layer thickness, there
may be a certain flow velocity at which flicking is not needed and, therefore, not
performed by the animal. At these higher flow velocities the boundary layer may be
reduced to the same thickness as during a flick, so animals that receive enough chemosen-
sory input by holding the chemosensory appendages in the flow field. This would indicate
a coupling of both mechanosensory and chemosensory input from the antennule in the
control of flicking. Since the structure of chemical signals is determined by the fluid
dynamics of the environment, it may be hard to separate the purely chemical informa-
tion from the mechanical information in environmental odor signals.

One of the important yet unanswered issues in chemoreception is defining the struc-
ture (spatial and temporal) of environmental odor signals for chemoreceptor cells. This
signal structure is a combination of turbulent dispersal and transport through boundary
layers. The structure of turbulent odor plumes is beginning to be understood (Murlis
and Jones, 1981; Murlis, 1986; Atema, 1988; Moore and Atema, 1991). Yet it is
transport through the boundary layer surrounding chemosensory structures that ultimately
determines the signal that contacts the receptor cells. It is apparent from this study that
understanding the boundary layer filtering and sampling behaviors is important for the
determination of biologically relevant signal structures.
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