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The stimulus integration time of lobster olfactory
receptor cells in situ was determined using extracellularly
recorded spiking responses from receptor cells and on-line
high-resolution measurement of odor square pulses. At a
fixed odor concentration, odor steps of 200 ms duration
elicited maximum responses; shorter odor steps did not
drive the cells to their maximum response and longer odor
steps added spikes but did not result in higher firing rates.
Excitatory processes peaked within 220 ms of stimulus
onset. At 160–300 ms, stimulus intensity discrimination was
most evident. Adaptation processes reduced response
magnitude to near-zero levels within 1000 ms of stimulus

onset. Olfactory receptor cells thus resolve odor peak
onsets within the first few hundred milliseconds: this time
window corresponds to the 4–5 Hz frequency of olfactory
sampling (i.e. ‘sniffing’) as well as the rapid fluctuations in
odor concentration that are common in natural odor
plumes. The stimulus integration time of 200 ms may play
a role in the filtering of information used by lobsters to
orient to distant odor sources.

Key words: olfaction, crustacean, filter properties, electrophysiology,
chemoreception, lobster, Homarus americanus.

Summary
Recent investigations of the kinetics of olfaction have shown
that olfactory systems are capable of resolving rapid events.
Second messenger production in vitro and receptor potential
generation in isolated olfactory receptor neurons occur within
100 ms of stimulus onset. However, little is known about the
temporal capabilities of chemoreceptor systems in situ, probably
in part because of the lack of accurate stimulus quantification
methods. Most research in chemoreception has focused on the
decoding of complex mixtures, with little attention to stimulus
dynamics. Yet it has been suggested that animals such as moths
(Murlis et al. 1992; Kaissling and Kramer, 1990), lobsters
(Atema, 1985, 1988; Moore et al. 1991b) and crabs (Weissburg
and Zimmer-Faust, 1993; Zimmer-Faust et al. 1995) may use
the temporal information present in the dynamic fluctuations in
an odor plume to derive useful directional and distance
information regarding the odor source. Behaviorally, moths have
been shown to respond to changes in the odor environment
within 300 ms (Vickers and Baker, 1994; Mafra-Neto and Cardé,
1994). Lobsters appear to make behavioral chemotactic
decisions within 2 s (Basil et al. 1995). Humans discriminate
olfactory (Laing and MacLeod, 1992) and taste (Lester and
Halpern, 1979) information within 680 and 400 ms, respectively.

To determine the range of odor fluctuations to which animals
respond, we must know the temporal resolution of peripheral
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chemoreceptor cells. An important parameter that determines
temporal resolution is the stimulus integration time of the
receptor cells, or the minimum time it takes for a receptor cell to
measure the stimulus intensity of a stimulus pulse (Hood and
Grover, 1974; Duysens et al. 1991; Firestein et al. 1990). To
determine the temporal resolution limits of the visual system,
various investigators have measured the integration time of
photoreceptors and other retinal components. Photoreceptor cell
responses to brief flashes of light depend on total stimulus energy
within a ‘critical time’ period of about 100ms; light intensity and
duration are interchangeable within this time period (Barlow,
1958; Hood and Grover, 1974). Beyond the critical time,
responses are dependent primarily on stimulus intensity. This
physiological property is reflected in the psychophysical
capabilities of the visual system: when given brief flashes of light
of equal energy, stimulus duration and intensity are again
interchangeable; thus, brief flashes of light appear dimmer. This
relationship, known as Bloch’s law, specifies the lower limit for
the accurate determination of light intensity as the critical time
(Levick and Zacks, 1970; Duysens et al. 1991).

In this study, we determined the integration time of olfactory
receptor neurons from the lateral antennule (the appendage
known to mediate distance orientation; Devine and Atema,
1982) of the American lobster Homarus americanus. The
hiladelphia, PA 191042, USA.
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amino acid trans-4-hydroxy-L-proline (Hyp) excites a large
proportion of chemoreceptors on the antennule (Johnson and
Atema, 1983) and was thus used as the odor stimulus. We used
rapid in situ stimulation and high-resolution stimulus
measurement (Gomez et al. 1994) to ensure accurate stimulus
control. We first determined whether odor steps of equal
volume produced a similar response – that is, whether a short
step at a high concentration and a longer pulse at a lower
concentration were indistinguishable to the cell (Bloch’s law).
Then we set out to determine the time range over which
Bloch’s law would apply and to determine the time period over
which receptor cells would ‘count’ stimulus molecules to
encode the stimulus concentration of the odor step.

Materials and methods
Experimental procedure

Lateral antennules from intermolt lobsters Homarus
americanus L. were excised and prepared as described
previously (Gomez et al. 1992, 1994). Briefly, antennules were
dissected to expose the axon bundles of the olfactory receptor
neurons and placed in an olfactometer. Receptor cell responses
were recorded extracellularly. For controlled stimulus delivery,
we employed a focal stimulation technique with pressurized
concentric pipettes that allowed the rapid introduction and
removal of stimulus solutions to and from the aesthetasc
(olfactory) sensilla. These sensilla contain the dendritic regions
of the olfactory receptor neurons. To verify each stimulus
presentation, we monitored tracer molecule (dopamine mixed
with the stimulus solution) concentrations on-line in the area
of stimulus delivery using a high-resolution (5 ms temporal,
30 µm spatial) electrochemical detector (IVEC-5, Medical
Systems Corp.). Hyp-sensitive olfactory neurons were
identified with 50 µl samples of 100 µmol l−1 Hyp introduced
into a 30 ml min−1 superfusion of artificial sea water. The
responsive receptor cell was then localized to within one
antennule segment using 10 µmol l−1 odor pulses from the
stimulus pipettes. Receptor cells were then stimulated with
odor steps of 50, 100, 200, 500 and 1000 ms, each at 1, 5, 10,
50 and 100 µmol l−1 Hyp. A computer-generated trigger pulse
initiated the stimulus delivery and synchronized the IVEC and
electrophysiological recordings. Each stimulus presentation
was repeated at least three times. The order of presentation of
the different odor step lengths at one stimulus concentration
was randomized. If the on-line stimulus recording showed that
the odor step was not as ‘square’ as intended (i.e. the peak level
of the step varied by over 10 %), the step was repeated. At least
1 min separated each stimulus presentation. When the odor
steps at one concentration were all delivered, the stimulus
solution in the delivery system was completely purged and
replaced with a solution at another concentration without
moving the stimulus pipettes. The preparation was then
allowed to remain undisturbed for at least 3 min. There was no
spontaneous spike activity for at least 10 s prior to the
presentation of each odor step.
Data analysis

Only data from cells that completed all three repetitions of
all five odor steps at all five concentrations were analyzed.
Odor steps were quantified as follows: onset time was the time
from the first data point above the noise level to the time that
80 % maximum step amplitude was attained; offset time was
the time from the initial decline of the stimulus to the time that
the step amplitude had dropped by 80 %; step length was the
time from the end of the stimulus onset to the start of the
stimulus offset; step amplitude was the maximum
concentration measured within a step. To quantify total
stimulus delivered (for data shown in Fig. 3), we measured the
area under the intensity–time curve for each odor step.

Since the start of stimulus onset times (measured by IVEC)
typically occurred within 5 ms (one data point) of the start of
the trigger pulse, the time of occurrence of each spike was
measured from the start of the trigger. For each odor step, we
only considered the spikes occurring within 1.5 s from the start
of the stimulus trigger; this period seemed adequate to measure
the chemoreceptor response since these receptor cells
displayed little or no spontaneous activity and responded with
brief spike bursts that usually terminated within 1 s. For each
odor step, we quantified the following response parameters: the
number of spikes was the total number of spikes that occurred
within the 1.5 s response window; first spike latency was
defined as the time from the onset of the trigger pulse to the
time of occurrence of the first spike; the instantaneous
frequency along the response was computed as the inverse of
each interspike interval (in s); maximum number of spikes in
100 ms was defined as the highest number of spikes that
occurred in any 100 ms time period within the response. Mean
number of spikes (see Fig. 5) and mean first spike latency (see
Fig. 6) of the population were computed by averaging the
values generated by each receptor cell to three repetitions of
an odor step.

Peri-stimulus time histograms depict the population
response by combining the responses of one repetition from all
receptor cells. The response was then divided into 20 ms time
bins and the total number of spikes within each 20 ms bin was
counted. For clarity of presentation, the curves of the peri-
stimulus time histograms were smoothed using a natural spline
function (PSI Plot, Poly Software International).

For descriptive simplicity, odor step amplitudes and lengths
are referred to as the pipette stimulus concentration and the
duration of the trigger pulse, respectively. Actual stimulus
values are reported in the results. Values are reported as mean
± standard deviation (S.D.) unless otherwise noted. Pilot
experiments showed that steps shorter than 50 ms could result
in the step not reaching full amplitude and thus were not used
in this study.

Results
Fourteen receptor cells completed the entire stimulus

protocol in good health and were used for data analysis.
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Single cell responses: sample cells

The stimulation apparatus and on-line stimulus
measurement allowed us to deliver replicable odor steps with
a rapid onset and removal of odor molecules into and away
from chemoreceptor sensilla. Fig. 1A shows an example of the
measured stimulus (upper trace) and the corresponding spike
events (lower trace) generated by a single receptor cell. Here,
the stimulus was turned on at t=0 and turned off at t=1 s. The
onset and offset slope times were 25 ms each; step length was
1000 ms, step amplitude was 99 µmol l−1. The stimulus trace
shows a typical odor step obtained with each stimulus
presentation; steps that deviated from this general form were
rejected on-line and repeated with improved stimulus
conditions. Fig. 1B shows an example of the replicability of
odor step amplitudes of different pulse lengths for one
experiment. The measured values for the onset and offset times
for all the odor steps used in the experiments were 35±18 ms
and 75±38 ms, respectively. Mean odor step lengths reported
and, in parentheses, the actual values measured in ms were as
follows: 50 (38±11), 100 (88±27), 200 (176±44), 500
(471±87) and 1000 (962±103); no step length varied by more
than an average of 7 %. The mean odor step amplitudes
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Fig. 1. (A) Sample odor step used in the experiment (upper trace) and
corresponding spike events recorded from a single receptor cell (lower
trace). Dotted lines show times of onset slope, peak level and times
of offset slope of the odor step. (B) Odor steps of 50, 100, 200, 500
and 1000 ms at 100 µmol l−1 hydroxyproline attained the intended
peak amplitude with identical onset slopes and little variability in
mean duration (<7 %).
reported (and measured) were (in µmol l−1) 1 (0.97±0.08), 5
(4.6±0.64), 10 (9.3±1.1), 50 (47.5±7.12) and 100 (94.9±11.8);
no amplitude varied by more than an average of 20 %. Thus,
under the conditions of our experiments, there was essentially
little dilution of the stimulus solutions from the pipettes to the
preparation.

Spike responses were typically phasic bursts with little or no
tonic activity. Responses often terminated even if odor was still
present. First spike latency of the response seen in Fig. 1A was
113 ms. The maximum instantaneous spike frequency observed
in this response was 88 Hz, occurring after the third spike.

Fig. 2 shows a characteristic response matrix of a single cell
to one repetition of all odor steps used. The maximum spike
frequency generated by this receptor cell was 114 Hz (fourth
spike in the response to the 50 ms 100 µmol l−1 step). At the
two lowest stimulus concentrations, the cell responded with
low-frequency spike activity only after being stimulated for
200 ms. Apparently, odor encounters were integrated over this
time period to reach firing threshold. Odor steps of increasing
concentration resulted in more spikes, higher spike frequency
and shorter response latency. Longer odor steps resulted in a
longer response duration. Responses were phasic: short
(50–200 ms) odor steps resulted in a brief burst of spike activity
lasting 100–200 ms. Longer odor steps resulted in a
100–200 ms phasic burst followed by a continuous decline of
spike activity, usually terminating before the odor pulse was
turned off. Higher step amplitudes resulted in a more phasic
response with less of a tonic portion. The stimulus–response
characteristics reported for this cell were representative of all
the cells studied.

To determine whether receptor cell responses depended on
total number of molecules encountered, we compared
responses to odor steps that delivered a similar number of
molecules near the receptor surface over different periods.
Expressing the delivered stimulus as a liquid volume is
inappropriate since chemoreceptor cells do not measure
volumes; they measure molecular encounters. Since the in situ
stimulus measurement with IVEC measures molecular
encounters of the tracer (Gerhardt et al. 1982), we used the area
under the measured stimulus curve (the ‘molar–time product’)
as a metric for molecular density over time. For example, the
odor step shown in Fig. 1 had a total area of 97 µmol l−1 s.

Fig. 3 shows responses of a single cell to odor steps that
delivered the same molar–time product (9.7±1.1 µmol l−1 s)
over three different time periods. In each case, stimulus onset
is at t=0. The patterns of spike responses were related to odor
step amplitude and not to total stimulus delivered: higher odor
steps resulted in shorter latencies, both to first spike and to
maximum firing frequency, as well as higher spike numbers
and frequencies. This was true for all receptor cells studied.
For these cells at these odor step amplitudes and times, Bloch’s
law did not apply. It is possible that receptor cells encode the
total number of stimulus molecules per se over shorter time
intervals than those used in this study.

The stimulus integration time of a receptor cell may be
described as the minimum length of an odor step eliciting the
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Fig. 2. Responses of a
representative single
cell (instantaneous
spike frequency) to a
stimulus matrix: 50,
100, 200, 500 and
1000 ms steps of
hydroxyproline each at
1, 5, 10, 50 and
100 µmol l−1. Dotted
boxes represent the
odor steps delivered to
the cell.
‘maximum response’ for that step amplitude. To quantify this
maximum response, we measured both the maximum
instantaneous spike frequency and the maximum number of
spikes in any 100 ms time period of the response; the latter
gave a good estimate of the average firing frequency during the
cell’s phasic spike activity. In most cases, the 100 ms time bin
with the maximum number of spikes started at spikes 1–3 of
500 10000
Time (ms)

100 ms
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200 ms
50 µmol l−1

1000 ms
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Fig. 3. Spike responses of a single cell to three odor steps that
delivered the same ‘molar–time product’ (9.7±1.1 µmol l−1 s) over
different time periods. Dotted boxes represent the odor steps delivered
to the cell, and odor step lengths and amplitudes are indicated to the
right of each spike train. Responses to a 100 ms 100 µmol l−1 odor step
had a total number of 16 spikes, a first spike latency of 59 ms and a
maximum spike frequency of 110 Hz (fourth spike). Responses of the
same cell to a 200 ms 50 µmol l−1 odor step had a total of 16 spikes,
a latency of 117 ms and a maximum frequency of 103 Hz (third spike).
Responses of the cell to a 1000 ms 10 µmol l−1 odor step had a total
of 11 spikes, a latency of 207 ms and a maximum frequency of 35 Hz
(fourth spike).
the response. Fig. 4 shows the maximum response values for
the responses of the cell shown in Fig. 2. Values were averaged
over three repetitions of each odor step. At the lowest odor step
amplitude (1 µmol l−1), step lengths of 50 and 100 ms failed to
elicit a spike response. At this amplitude, steps of 200 ms
resulted in a maximum response of 40 Hz and 2.5 spikes in
100 ms; these values did not increase significantly with longer
odor steps. At the step amplitude of 5 µmol l−1, 50 ms steps
failed to elicit a spike response and 100 ms steps elicited 1
spike. Steps of 200 ms and longer resulted in a similar
maximum response to odor steps of 1 µmol l−1. At the step
amplitudes of 10 and 50 µmol l−1, spike responses started with
50 ms odor steps and attained their maximum response values
with steps of 200 ms and longer. Responses to 10 and
50 µmol l−1 steps were each significantly greater than responses
to 1 or 5 µmol l−1 steps (P<0.05, ANOVA). At 100 µmol l−1

step amplitude, cell responses attained their maximum
frequency (113 Hz) with the shortest odor step (50 ms). Longer
odor steps did not result in an increase in maximum frequency,
but did result in a higher number of spikes in 100 ms, reaching
a peak with 200 ms odor steps. Thus, for this single cell, the
stimulus integration time was 200 ms regardless of odor
concentration. A similar value for integration time was
obtained for 12 of the 14 receptor cells tested.

Population responses

Mean population responses showed that both increased odor
step amplitude and increased step length resulted in increased
spike numbers (Fig. 5). Response latencies varied greatly
between cells and concentrations. As expected, odor step
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Fig. 6. Mean ± S.D. first spike latencies of responses to odor steps at
each concentration plotted against odor step concentration. Since odor
step length had no significant effect on first spike latency (P@0.1,
ANOVA), latency values for responses to all step lengths at one step
amplitude were averaged. Latency varied linearly (r2=0.99) with the
logarithm of step amplitude (F-test, P<0.01).
lengths at any one concentration had no significant effect on
first spike latency (P@0.1, ANOVA). However, increased odor
concentration resulted in significantly decreased first spike
latency (P<0.01, F-test; Fig. 6). This was computed using the
mean latency of the responses to different odor steps regardless
of step lengths. The shortest latency value measured was 41 ms
(50 ms step length, 100 µmol l−1 step amplitude) while the
longest latency value measured was 1376 ms (50 ms step
length, 1 µmol l−1 step amplitude); it may be coincidence that
both extremes occurred at 50 ms step lengths. Latency variance
was greater with 1 µmol l−1 steps than with 100 µmol l−1 steps.

To quantify the integration time of the receptor cell
population as a whole, peri-stimulus time histograms were
constructed as described in Materials and methods. As with the
single cell records, we determined for each concentration the
minimum step length that elicited the maximum response (here
defined as the highest number of spikes in 20 ms) from the
summed receptor cell spike activity (Fig. 7). At the lowest odor
step amplitude (1 µmol l−1; Fig. 7, bottom graph), a 50 ms step
resulted in a response that peaked to 5 spikes per 20 ms at
approximately 160 ms and lasted for 300 ms. A 100 ms step
resulted in a higher peak response (8 spikes per 20 ms) at
approximately 180 ms. Longer odor steps (200, 500 and
1000 ms) resulted in comparable peak responses (10–11 spikes
per 20 ms) at approximately 200–220 ms. (Note: the transient
increase in activity of the response to the 200 ms step at 700 ms
is an artifact of the smoothing algorithm.) Thus, at this lowest
odor step amplitude, step lengths of 200 ms resulted in the
response attaining a maximum value; steps longer than 200 ms
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did not significantly drive the response any further, and steps
shorter than 200 ms did not result in the response attaining a
maximum value (Welsch step-up procedure: α=0.05, d.f.=13,
Sokal and Rohlf, 1981). After attaining the maximum value,
spike numbers declined even if the stimulus was still present.
Longer odor steps resulted in a more gradual decline to
baseline levels. Higher odor step concentrations resulted in an
increased spike activity (note different y-axis values in Fig. 7).
However, at all but the highest concentration, odor steps of
200 ms and longer resulted in a maximum response. At
100 µmol l−1 step amplitude, the maximum response was
attained with a 100 ms pulse (Welsch step-up procedure, Sokal
and Rohlf, 1981); thus, at this step amplitude, the population
integration time was 100 ms.
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Fig. 7. Population responses to different odor step lengths at the same
step amplitude. Responses of all 14 receptor cells to one replicate of
each odor step were summed and grouped into 20 ms time bins
(peristimulus time histograms). The curves were smoothed using a
natural spline function for clarity and ease of comparison. Note that
the y-axis is different for each graph, reflecting the increase in
response magnitude with increasing step amplitude.
To quantify the intrapulse adaptation characteristics of the
receptor cell population, cell responses to odor steps of a fixed
length at different concentrations were compared (Fig. 8).
Responses were quantified as in Fig. 7. Odor step lengths of
1 s (Fig. 8, top graph) resulted in spike activity that attained
maximum values at 180–220 ms. These periods of maximum
activity were rarely sustained despite the ongoing presence of
the stimulus: immediately following the peak in activity, the
spike response declined to half peak-amplitude at 420–600 ms
and returned to zero within 1.5 s. Shorter odor step lengths (50,
100, 200 and 500 ms) also resulted in spike activity that peaked
at 180–220 ms. With 500 ms odor steps, responses declined to
half peak-amplitude at 420–580 ms and to zero within 1.2 s.
With 200 ms odor steps, responses declined to half peak-
amplitude within 380–420 ms and to zero within 1 s. With
100 ms odor steps, responses declined to half peak-amplitude
within 300–380 ms and declined to zero within 700 ms. With
50 ms odor steps, responses declined to half peak-amplitude
within 280–360 ms and to zero within 700 ms. Thus, even with
the stimulus present, spike responses declined to a point where
there was no difference in spike activity between responses to
different step amplitudes. For example, with 1 s steps,
responses to step amplitudes of 10, 50 and 100 µmol l−1 were
indistinguishable after 500 ms; responses to all five step
amplitudes were indistinguishable after 800 ms.

To summarize, the time course of response onset is
determined only by odor step amplitude; response offset and
return to zero baseline are functions of step length. The
concentration–response function was thus most evident around
200 ms following stimulus onset, with curiously little
difference between 1 and 5 µmol l−1 and between 10 and
50 µmol l−1 steps. Stimulus duration appeared to be somewhat
reflected in ongoing very infrequent firing.

Discussion
The results demonstrate that these lobster olfactory receptor

neurons responded primarily to the first 200 ms of odor steps
and integrated stimuli over that period. Increased odor step
amplitude caused greater spike activity (Fig. 5), shorter first
spike latency and smaller latency variance (Fig. 6), but did not
affect the time to peak response (Fig. 8). Differences in spike
activity were most evident at 200 ms following stimulus onset,
thus providing optimal stimulus intensity discrimination at that
time (Fig. 8). An earlier study on antennular Hyp cells in
lobster showed that intensity discrimination became optimal at
250 ms response duration, while longer responses did not
change discriminability (Johnson et al. 1991). The integration
and adaptation time courses of these receptor cell responses
result from rapid cellular transduction processes and imply that
these cells may be optimized to filter specific transient events
from natural odor environments: the 200 ms peak
discrimination window implies a rather narrow optimal 5 Hz
frequency filter for this cell population (Gomez et al. 1994).

Studies on the kinetics of transduction cascades in olfactory
receptor neurons (Breer et al. 1990; Restrepo et al. 1993;
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Boekhoff et al. 1994) have shown that, in both vertebrates and
invertebrates, second messenger concentrations peak within
50 ms and decline to baseline levels within 250 ms following
exposure to odorants. However, different species have shown
a range of temporal capabilities in the stimulus–response
kinetics of their olfactory receptor cells. Although the studies
are relatively sparse, it seems that invertebrates employ faster
kinetic processes than vertebrates. Dethier (1968)
demonstrated that the blowfly (Phormia regina) can
behaviorally discriminate stimulus intensity within the first 100
ms of the responses generated by tarsal receptor cells; the
receptor cells show most of the intensity information in the first
500 ms (Smith et al. 1983). Moth (Bombyx mori) pheromone
receptors, at high stimulus load, respond with a phasic spike
burst that terminates within 250 ms (Kaissling, 1986). In
addition, studies using pulsatile stimuli have shown that
heliothine moth pheromone receptors can encode repetition
rates up to 12 Hz (Almaas et al. 1991). Receptor potential
generation in spiny lobster Panulirus argus olfactory receptor
neurons also follows a rapid time course, generating excitatory
currents as fast as 20 ms following stimulation (Fadool et al.
1993) and peaking after 350 ms (Schmiedel-Jakob et al. 1989).

Vertebrate chemoreceptors have been shown to follow a
slightly slower time course. Studies on salamander
(Ambystoma tigrinum) olfactory receptor neurons showed that
channel gating kinetics (Zufall et al. 1993), receptor potential
generation (Firestein and Werblin, 1989; Kurahashi, 1989;
Kurahashi and Shibuya, 1990) and spike activity (Kauer and
Shepherd, 1975; Getchell and Shepherd, 1978) peak after
several hundred milliseconds following the onset of an odor
pulse. Firestein et al. (1990, 1993) measured an integration
time of over 1 s for these receptor cells. Thus, since the 50 ms
time course of second messenger production of both
vertebrates and invertebrates is rather consistent among
different species, while receptor potential generation is more
variable, it appears that the temporal properties of
chemoreceptor cells such as integration time may be
determined at the level of receptor potential generation.
Kelling and Halpern (1983) have shown in human
psychophysical experiments that 100 ms stimulus pulses on the
tongue may be adequate to determine stimulus quality, but
longer pulses (several hundred milliseconds) are required to
determine stimulus intensity.

The spike responses generated by the Hyp receptor cells
tested in this study demonstrated the rapid kinetics of lobster
olfactory receptor cells. Spike responses were often phasic,
integrating stimulus events occurring in the first 200 ms
following odor step onset. This integration time of 200 ms
(Figs 4, 7) and the time window of approximately 100–300 ms
for stimulus intensity discrimination (Fig. 8) suggests that
these receptor cells encode stimulus events at the 100 ms time
scale. This has important implications regarding the filtering
of odor signals. In natural odor plumes, odor concentrations
will be perceived to fluctuate slowly when integrated over a
long period or will appear to fluctuate more rapidly when
integrated over a shorter period (Murlis, 1986; Moore and
Atema, 1988); thus, integration time plays an important role in
the perception of the dynamic features of odor plumes. The
shortest odor pulses that have been measured in turbulent
plumes in water are of the order of approximately 0.5 s (Moore
et al. 1992). However, studies on natural odor plumes are still
sparse; thus, the full spectrum of odor pulse parameters is still
unknown. The pulse lengths measured thus far are well within
the range of detection of lobster Hyp receptors. The 100 ms
time scale of lobster chemoreceptor filters sets constraints on
the features of an odor plume that are available to an orienting
lobster.

It is interesting to note that the 200 ms integration time of
the Hyp chemoreceptor cells is closely matched to the lobster’s
olfactory sampling behavior. Lobsters periodically flick their
lateral antennules, resulting in a reduced boundary layer
thickness surrounding the aesthetasc tufts (Moore et al. 1991a).
Flicking enhances olfactory stimulation (Schmitt and Ache,
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1979; Gleeson et al. 1993). The downstroke of the flick takes
80–100 ms (Moore and Atema, 1988; J. Atema, personal
observation) and lobsters may flick as rapidly as 4–5 times per
second (Berg et al. 1992; Leonard et al. 1994). The 200 ms
time frame of olfactory intensity discrimination as determined
in this physiological study may have evolutionarily constrained
the rate of this olfactory sampling behavior: the lobster obtains
a single sample, determines the concentration of the sample
within 200 ms and can obtain a new sample with the next flick.

The Hyp receptor cells used in this study showed rapid
adaptation (Fig. 8). Although decreased odor step amplitude
resulted in a delay in first spike latency as well as an increased
variance in the latency (Fig. 6), there was no effect on the latency
of the peak response (Fig. 8). The effects of adaptation were
prominent after approximately 300 ms: immediately following
the peak in spike activity, the receptor cell response began to
decline towards baseline. Adaptation is an important mechanism
for lobster chemoreceptors to act as temporal filters (Atema,
1985). The filter bandwidth for the cells studied appeared to be
rather narrowly focused around 5 Hz. This corresponds to the
observation that some lobster Hyp-sensitive cells can follow
stimulus pulses as rapidly as 4 Hz (Gomez et al. 1994).

It is likely that different adaptation processes with different
time courses are involved. Slower adaptation processes allow the
system to reset sensitivity in a ‘noisy’ (i.e. chemical background)
environment (Borroni and Atema, 1988). Various forms of
adaptation may thus allow the lobster’s chemoreceptor system to
function continuously in naturally pulsatile odor plumes (Atema,
1987). The moth receptor cells’ capability to encode 10Hz pulse
trains reflects their behavioral response to strands of odor in a
turbulent pheromone plume (Baker, 1990; Murlis et al. 1992).

In addition to responding to stimulus onsets, some
chemoreceptors have been shown to respond to the removal of
a stimulus. Salamander (Ambystoma tigrinum) olfactory
receptor neurons (Kauer and Shepherd, 1975; Getchell and
Shepherd, 1978) and moth (Bombyx mori) pheromone receptor
cells (Kaissling, 1986) respond to an odor offset with a brief
cessation of tonic spike activity or a transient
hyperpolarization. In addition, Kurahashi et al. (1994) also
demonstrated depolarizing responses to odor offsets in isolated
salamander olfactory receptor cells. The chemoreceptors in this
study and in other related studies (Voigt and Atema, 1988;
Gomez et al. 1994) generally did not show a response to odor
offsets. Lobster chemoreceptors may thus be optimized to
detect only stimulus onsets. Moore and Atema (1988, 1991)
showed that pulse onset slopes provide among the strongest
spatial gradients found in turbulent odor plumes. Thus,
receptor cells that are specialized to detect a variety of odor
onset slopes may best be suited to extract onset slope gradients
from odor plumes. The temporal properties of lobster Hyp
receptor cells found in this study support the hypothesis that
these chemoreceptors may aid in the filtering of distance
information from the fine structure in turbulent odor plumes.
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