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Abstract
We show that lobster olfactory receptor neurons (ORNs), much like their vertebrate counterparts,
generate a transient elevation of intracellular calcium (Cai) in response to odorant activation that
can be used to monitor ensemble ORN activity. This is done in antennal slice preparation in situ
maintaining the polarity of the cells and the normal micro-environment of the olfactory ilia. The
Cai signal is ligand-specific and increases in a dose-dependent manner in response to odorant
stimulation. Saturating stimulation elicits a robust increase of up to 1 μM free Cai within 1–2 sec
of stimulation. The odor-induced Cai response closely follows the discharge pattern of
extracellular spikes elicited by odorant application, with the maximal rise in Cai matching the peak
of the spike generation. The Cai signal can be used to track neuronal activity in a functional
subpopulation of rhythmically active ORNs and discriminate it from that of neighboring tonically
active ORNs. Being able to record from many ORNs simultaneously over an extended period of
time not only allows more accurate estimates of neuronal population activity but also dramatically
improves the ability to identify potential new functional subpopulations of ORNs, especially those
with more subtle differences in responsiveness, ligand specificity, and/or transduction
mechanisms.

Introduction
An exciting new aspect of olfactory research is the emerging understanding that the
olfactory periphery consists of multiple functional subtypes of ORNs. In mammals, for
example, some are contained in organs other than the main olfactory epithelium (MOE),
including the vomeronasal organ, the septal organ of Masera, the Grueneberg ganglion, but
functionally different subsets of ORNs also occur within the MOE, including TAAR-
expressing neurons and GC-D neurons [1–3]. This functional complexity in the olfactory
periphery presumably is a general principle of olfactory organization. At least two different
subsets of insect ORNs can be identified based on the type of receptors they express [4,5].
Similarly, lobster ORNs fall at least into two functional classes based on whether their
inherent activity is tonic or rhythmic [6]. Ultimately, we need to better understand the
functional significance of this organizational diversity in the olfactory periphery.
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Typically, functionality of ORNs is studied by patch-clamping or otherwise recording from
single ORNs to obtain a representative response of cell to the variable(s) under study. Data
obtained from cells usually recorded over several days are then analyzed statistically to
obtain a reliable measure of the overall responsiveness of ‘like’ cells. While patching single
cells is necessary for specific types of information, it is a highly inefficient way of obtaining
population data and risks imposing experimental variability. To surmount these limitations
in mammalian ORNs, investigators have used calcium imaging to measure on/off activity in
acutely dissociated ORNs. This approach has been instrumental, for example, in developing
the concept of combinatorial coding in canonical mammalian ORNs [7]. For more detailed
functional analyses, however, it is advantageous to measure ORN activity in situ in order to
improve the viability of the cells, to maintain their normal polarity and ionic environment in
the epithelium, and to allow recording ensemble activity simultaneously [8–10].

The lobster is an established invertebrate animal model in olfactory research and offers
relatively easy access to the cell bodies of ORNs in its large olfactory organ, the antennules.
Calcium imaging has been used in invertebrates to record activity in situ from the olfactory
CNS [11–13], although its utility to understanding the olfactory periphery has largely gone
untested. Therefore, we investigated whether calcium imaging of lobster ORNs in situ could
be used to study the functional organization of the olfactory organ. We show lobster ORNs
in situ generate a somatic calcium signal that correlates with the electrophysiological
response of the cells and can be used to characterize ensemble activity capable of
discriminating and, ultimately, rigorously characterizing, functional subpopulations of the
cells.

Methods
Preparation

Lobster ORNs were imaged in situ using a preparation developed earlier [6,14]. In brief, a
single annulus was excised from the lateral antennular filament and the cuticle on the side
opposite from the olfactory sensilla (aesthetascs) was removed to provide better access to
the cell bodies of the ORNs in the lumen of the annulus (Fig. 1A). Following treatment with
trypsin, papain or collagenase (1mg/ml) the ensheathing tissue covering clusters of ORNs
was carefully removed. This step was essential for successful dye loading. The specimens
were mounted on a plastic or glass-bottom 35mm Petri dish and placed on the stage of an
inverted microscope. ORNs were continuously superfused with Panulirus saline (PS)
containing (mM): 486 NaCl, 5 KCl, 13.6 CaCl2, 9.8 MgCl2 and 10 HEPES, pH 7.8–8.0. A
second application contour delivered stimulation solution to the olfactory sensilla containing
the outer dendrites of the ORNs. Solution application was configured to confine odorant
delivery to the outer dendrites (Fig.1A). Both perfusion contours were gravity fed. An
aqueous extract of Tetra Marine (TET, Tetra Werke, Melle, Germany), a commercially
available marine fish food was used as an odorant in most experiments. TET powder was
dissolved in water 0.1g/ml, filtered through 0.2 μm syringe filter and for experiments diluted
1:200 in PS. The final maximum saturating concentration used in experiments was ~0.5 mg/
ml. In some experiments several aminoacids (1 mM) were used to stimulate the ORNs. The
stimulating stream washing the sensilla (~250 μl/min) was switched rapidly using a multi-
channel rapid solution changer (RSC-160, Bio-Logic) under the software control of
Clampex 9 (Molecular Devices). Stimulus intensity was controlled by changing the duration
of odorant pulses/of exposure to odorant. The initial duration of odorant pulse, maximum
exposure time and time increment varied and were selected, when necessary, for different
preparations and/or ORNs individually. Maximum exposure time usually did not exceed 1 s
at peak concentration.
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Electrophysiological recordings and data analysis
Extracellular action potentials (spikes) were recorded from the soma of ORNs using loose-
patch recording. Patch electrodes were pulled from borosilicate capillary glass (Sutter
Instrument, BF150–86–10) using a Flaming-Brown micropipette puller (P-87, Sutter
Instrument) and filled with PS. Resistance of the electrodes was 1–5 MOhm when filled
with PS. Spikes were measured with an Axopatch 200B patch-clamp amplifier (Molecular
Devices), low-pass filtered at 5 kHz, sampled at 5–20 kHz. Data were collected and
analyzed with pCLAMP 8.1/9.2 software (Molecular Devices) in combination with
SigmaPlot 8/9.0 (SPSS). The time of occurrence of the spike was taken as the time of peak
current deflection, i.e., the peak of the spike.

Calcium imaging and data analysis
After enzymatic treatment and cleaning the preparation was placed in Eppendorf tube in PS
containing the fluorescent calcium indicator of choice: Fluo – 3/AM, Fluo – 4/AM, Calcium
Green – 1/AM, Fura – 2/AM (Invitrogen) or Quest Fluo – 8/AM (AAT BioQuest) at 5 – 15
μM prepared with 0.2 – 0.06% Pluronic F-127 (Invitrogen). The tube was mounted on the
platform of horizontal shaker; loading was usually complete after at least 1 hr of agitation at
room temperature. Mechanical agitation of the solution was absolutely required step to
achieve effective dye loading. The tissue was transferred into fresh PS and mounted for
imaging. After the dye loading the preparation typically remained viable for 2–4 hours when
kept in normal PS. Fluorescence imaging was performed on an inverted microscope
(Olympus IX-71) equipped with a cooled CCD camera (ORCA R2, Hamamatsu) under the
control of Imaging Workbench 6 software (INDEC Systems). The software allows for
complete integration with electrophysiological recording using Clampex 9 including
triggering of the imaging system and synchronization of both optical and electrical signal
acquisition. The illumination system (Lambda L10-BS with a SmartShutter controller, Sutter
Instruments) was coupled to the microscope with a liquid light guide. A standard FITC filter
set (excitation at 510 nm, emission at 530 nm, dichroic mirror 515 nm) was used for a
single-wavelength measurements. Ratiometric imaging was performed using Fura-2 filter set
(excitation at 340 nm or 380 nm, emission at 510 nm, dichroic mirror 435 nm). 336×256
pixels images were collected using 4×4 binning at 3–4 Hz to discriminate possible fast
transient signals accompanying neuronal spontaneous action potentials. Illumination of cells
was optimized to reduce photobleaching as follows. Excitation light was attenuated by a
neutral density filter (ND 1.0) and exposure was set to 50 ms per frame (see Supplemental
Figure S2). Even with a continuous illumination at 20 Hz sampling rate photobleaching was
acceptable, not exceeding 10% during several minutes long recording. Stored time series
image stacks were analyzed off-line using Imaging Workbench 6 or exported as TIFF files
into ImageJ 1.42 (available from public domain at http://rsbweb.nih.gov/ij/index.html). For
illustration and analysis purposes continuous traces of multiple responses were normalized
and compensated for slow drift of the baseline fluorescence intensity due to random tissue
movements and photobleaching (cf. raw recording shown in supplementary figure S2).

After each experiment using Fura-2 the preparation was washed thoroughly with Ca-free (no
added Ca2+ or Mg2+) 10 mM EGTA PS to remove all residual extracellular Ca2+. It was
then incubated in Ca-free PS or normal PS supplemented with 10 μM ionomycin
(supplemental figure S1). Permeabilization of cells was monitored by measuring a decrease
of 340/380 ratio (R). In a few experiments 0.1% digitonin was used to disrupt the cell
membrane of ORNs and gave essentially the same results as with ionomycin calibration.
Fluorescence background at both 340 nm and 380 nm was measured following addition of
PS containing 10 mM MnCl2 quenching completely fura-2. The Cai concentration was
calculated following standard equation, [Ca2+] = [(R-Rmin)/(Rmax-R)]*Kd*Sf/Sb [15]where
Rmin is measured under Ca-free conditions, Rmax refers to a saturated Ca2+ concentration,
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Sf/Sb is a ratio of 380 nm fluorescence intensity measured at the minimal and maximal Ca2+

concentration. We used the previously determined Kd of 640 nM appropriate for measuring
cytoplasmic Ca2+ concentration in neuronal cells of marine invertebrates [16].

To measure changes in intracellular pH the preparation was loaded with 15 μM BCECF
(AnaSpec), a pH-sensitive fluorescent probe using the same protocol as above. Fluorescence
associated with pH was detected using the same illumination as for Fluo-4. Sensitivity of the
probe was confirmed by incubating the tissue in 50 mM KCl ASW supplemented with 10
μM nigericin and pH adjusted to 7.5, 7.1 or 5.4.

Data analysis
Data analysis was performed using ClampFit 9.2 (Molecular Devices), IgorPro 4.09
(Wavemetrics) or SigmaPlot 10 (Systat). Peristimulus Cai response and spike frequency
distribution were fit with a double exponential function using ClampFit 9.2 or SigmaPlot.
The data are presented as the mean ± SEM of n observations. In total, data were obtained
from 28 lobsters. All recordings were performed at room temperature (22–25°C).

Results
The in situ lobster nose preparation provides direct access to the soma of the hundreds of
ORNs that fill the lumen of the antenna (Fig. 1A,B). Each of the approximately 9–12
olfactory sensilla (aesthetascs) on one annulus contains the outer dendrites of an average of
300 ORNs [17], or approximately 3000–4000 ORNs per preparation. The ORNs are viable
and responsive to odorants for extended periods of time (e.g. Fig. 5). Following
optimization, most ORNs could be successfully loaded with calcium probes (Fig. 1B,
bottom panel). Consistent with previous report [6] we measured spike bursting from
rhythmically active ORNs (Fig. 2A) and approximately 21% (75/357) of cells sampled in
several preparations generated spontaneous transient elevations in intracellular calcium
(Cai), each with a distinct pattern of rhythmicity (Fig. 2B, upper three traces, supplemental
movie S1). The other neurons in the cluster remained quiescent and showed little if any such
oscillations in Cai (Fig. 2B, lower three traces). However most of these quiescent cells were
odorant-sensitive otherwise, typical of tonically active ORNs [6].

Odorants generate a Cai transient that correlates with the spike discharge of the ORNs
In a typical experiment (n = 5) illustrated in Figure 3, 23 responsive cells in a cluster of 57
cells responded to application of TET. Increasing the duration of the odor application from
100 to 1200 ms, which effectively increased the concentration of the odorant as described in
Methods, increased the number of responsive neurons (Fig. 3A) and the magnitude of the
Cai transient (Fig. 3B,C) in a dose-dependent manner. The Hill approximation of the
averaged normalized amplitude of the Cai response evoked by different concentrations
(duration) of odorant yielded a K1/2 = 680 ms and an h = 5. The responses to saturating
stimuli reached a maximum in 6.8 ± 0.2 s (n = 26) and recovered with time constant of 13.6
± 0.8 s (n = 26).

The kinetics of the Cai response correlated with the odor-evoked activity of the ORNs
measured electrophysiologically, as shown by patching an ORN after initially identifying it
as an odorant responsive cell by calcium imaging (Fig. 4A inset). Only tonically active cells,
i.e., those not generating rhythmic Cai transients, were used in these experiments to avoid
possible confound by inherent changes in Cai level. Saturating stimulation (TET, 800 ms)
consistently evoked robust spike discharge accompanied by Cai elevation in 4 such cells
(Fig. 4A, supplemental figure S2). For the cell shown, fitting the rising phase of the
responses with a single exponential yielded time constants (tau) of 0.76 s for spikes and 4.7
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s for Cai, whereby the maximal spike count matched the rising phase of the Cai transient
(Fig. 4B).

Recovery of the response could be approximated with a single exponential with time
constants (tau) of 8.2 s for spikes and 11.3 s for Cai (Fig. 4B). Smaller brief Cai transients
occurred coincident with spontaneously generated spikes before and after recovery from the
odorant-induced Cai transient, as can be seen on an expanded time base (Fig. 4C asterisks).
On average as few as 2 spikes were enough to consistently generate a 5% DF/F0 change in
Cai. We conclude that bulk somatic changes in Cai correlate well with extracellular spikes
generated spontaneously and following odor stimulation.

The Cai response reflects the known odorant specificity of the ORNs
Repetitive saturating stimulation (800 ms) with a complex odorant (TET) consistently
elicited Cai transients in many cells, although with different peak magnitudes (Fig. 5A,
supplemental movie S2). On average TET activated 57% of the cells (n = 338) in seven
different preparations. Among the most sensitive of the cells shown in Fig. 5A (labeled with
colored circles), three cells responded to glutamate (Fig. 5B) and two cells responded to
taurine (Fig. 5C). One of the cells was more broadly tuned to all three odorants (blue circle).
Two other amino acids, arginine and glycine, were tested in the same manner. Collectively,
the incidence of activation for all odorants tested was: Tetra Marine - 57% (202/353 cells),
glutamate - 4% (4/95 cells), taurine – 1% (3/242 cells), arginine – 0% (0/52 cells) and
glycine – 3% (3/89 cells). These findings confirm the known specific nature of the tuning of
ORNs in general and lobster ORNs in particular, and prove the feasibility of using calcium
imaging to screen for the molecular receptive range of lobster ORNs in situ.

Measuring the concentration of the odorant-induced Cai
We estimated the absolute concentration of Cai in lobster ORNs loaded with fura-2/AM (10
μM) by washing the cells in Ca-free PS containing 10 mM EGTA and permeabilizing them
with 10μM ionomycin following an experiment. Following transient elevation of Cai
induced by added ionomycin the 340/380 ratio decreased significantly below its resting level
in intact cells, which we used as the reference level (supplemental figure S1). Fig. 6 shows
the odorant-induced changes in Cai concentration in two representative cells of 26 tested in
this manner. The odorant-induced increase in Cai measured with fura-2 was qualitatively
very similar to that measured with fluo-4 (Fig. 3B). However, the cells showed variability in
terms of the change in the absolute Cai concentration. As illustrated by these two cells,
resting Cai could differ by almost 2-fold, as could the peak amplitude of the response to a
saturating odorant stimulation (Fig. 6A vs 6B). Under resting conditions the Cai averaged
776 ± 40 nM (n = 26) with the lowest and highest values measuring 373 and 1174 nM,
respectively (Fig. 6C). Odorant stimulation increased Cai in a typical dose-dependent
manner (Fig. 6D), with the maximal increase in Cai ranging from 139 to 1153 nM (average
= 487 ± 47 nM, n = 26). The responses themselves to a saturating odor stimulation,
subtracted steady state levels to compare their shape and kinetics, reached a peak within 10
sec (time to peak 6.4 ± 0.2 s, n = 19) and returned to baseline within 50–60 s with a time
constant of 13.8 ± 1.6 s (n = 19), essentially the same as the kinetics of the Cai transients
measured with fluo-4. We found no correlation between the resting Cai and peak odor-
induced Cai response (Fig. 6E).

Binding of calcium to Ca-sensitive fluorescent probes can be affected also by changes in pH
[18,19]. To exclude possible interference between change in intracellular pH and the odor-
induced Cai response we used a pH-sensitive probe BCECF. Even saturating stimulation of
lobster cells with TET (1200 ms pulse) failed to induce a detectable change in cytosolic pH

Ukhanov et al. Page 5

Cell Calcium. Author manuscript; available in PMC 2012 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(data not shown). We conclude that changes of fura-2 fluorescence correctly reflect changes
of Cai concentration.

Discussion
Several lines of evidence indicate that the Cai dynamic faithfully reflects the specific
chemosensory neuron activity in lobster ORNs. All ORNs used in this study showed little if
any reaction to sham stimulation. The responses were dose-dependent, as expected for
typical ORNs and the population of ORNs reflected the known odorant specificity of the
ORNs. Finally, consistent with our earlier findings, at least two ORN subpopulations -
tonically and rhythmically active cells - can be identified based on the spontaneous calcium
dynamic pattern of the cells.

We showed that odorants induce an increase of Cai in lobster ORNs. Similar increases
observed in numerous other animals have been considered to reflect activation of voltage-
gated calcium channels in the somatic plasma membrane [20]. Since lobster ORNs express a
typical complement of voltage-dependent conductances for neurons, including a voltage-
activated calcium conductance [21], we assume the increase in Cai we measured reflect in
part the indirect activation of voltage-gated calcium channels. Calcium-induced calcium
release from internal stores has also been reported from squid ORNs [22]. We assume
lobster ORNs may also have internal calcium stores since bath application of ionomycin
during fura-2 calibration induced a significant elevation in Cai under extracellular Ca-free
conditions [23,24]. Lobster ORNs are also known to generate IP3 which targets IP3 receptor
channels on the plasma membrane of the olfactory dendrite [25]. However, it is not yet
known how accurately changes of somatic Cai reflect remote transduction events occurring
in olfactory dendrites which extend as far as several hundred micrometers from cell body in
lobster ORN [26]. Thus, the increase in Cai we measured in the soma presumably arises
from more than one source.

We never observed a decrease in Cai in response to odorant stimulation. However, we have
tested only a limited number of single odorants and it would be interesting to see if any
odorants could induce a net decrease in Cai since several odorants were shown to
hyperpolarize lobster ORNs [27], which would oppose the membrane depolarization leading
to spike generation and Cai elevation. Odorants reportedly reduce Cai in some human ORNs
[28] as well as some ORNs in the channel catfish [29].

We have shown that even with wide-field imaging it is possible to detect Cai transients
associated with a few spikes in lobster ORN (Fig. 4C). Obviously changes in bulk somatic
Cai cannot precisely follow the local membrane gradients of Cai concentration
accompanying the generation of a single action potential. Single spike creates relatively
slow transient of somatic Cai serving as a low-pass filter that prevent precise temporal
tracking of high frequency signals in the dendrites of mammalian neurons [30,31] and in the
extreme case of giant neurons from the abdominal ganglion of Aplysia, single action
potentials lasting less than 10 ms are accompanied by a 4-s long somatic Cai transient [32].
In lobster, spontaneously generated Cai events evoked by a several action potentials are on a
similar time scale and amplitude, for example, as those recorded with technically much more
sophisticated two-photon technology in pyramidal neurons of mouse barrel cortex [33].
Thus we conclude that calcium imaging approach is a valuable tool to monitor neuronal
activity in a population of lobster ORNs.

Knowing the absolute concentration of Cai provides valuable insight into ionic homeostasis
in the ORNs of marine invertebrates exposed to high salt environment with a composition
similar to that of artificial sea water used in this study [34]. Our estimate of Cai
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concentration, 776 ± 40 nM, is close to that measured in other neurons in marine
invertebrates, e.g., 400 and 660 nM in Limulus ventral nerve photoreceptors [16,35] and 500
nM in Aplysia bag cell neurons [36]. The resting concentration of Cai found in lobster
ORNs is several-fold higher than that in vertebrate cells, around 100 nM [37]. This could
have serious implications for the regulation of the signal transduction pathway as many
enzymes involved in olfactory excitation and adaptation are calcium-dependent [38]. Active
calcium transport was described in ORNs of at least one marine invertebrate [39] and
therefore may be involved as well in shaping the olfactory output in lobster ORNs, as
proposed for vertebrates ORNs [40,41].

Conclusion
In summary, somatic calcium imaging appears to be a powerful tool to monitor neuronal
activity within ensembles of lobster ORNs in situ. The methodology faithfully reflects the
dynamics of both spontaneous and odor-evoked activity in the cells, and does so over
extended periods of time. The utility of this approach to understanding the functional
organization of the olfactory periphery in the lobster would appear to join that in other
sensory systems, for example, the zebrafish optic tectum [42], the zebrafish olfactory bulb
[43], and the insect olfactory lobe [12], to name a few.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic representation of the in situ preparation of lobster olfactory organ and stimulus
delivery system. (A) Approximately 200–300 ORNs form a neuronal cluster projecting
dendrites in a single hair-like structure aesthetasc (only three shown for clarity). Two
independent gravity fed perfusion counters permanently wash ORN cell bodies (green
circle) and outer dendrite zone (gray circle). Stimulation solution was rapidly switched
between the two channels precisely applied only to the outer dendrites (blue circle). (B) DIC
image of a single annulus of the antennule (olfactory organ). The cuticle is cut away to allow
access to the ORN cell body for recording without disturbing the outer dendrites seen
partially on the right. Cell bodies of ORNs (which can be clearly resolved in this picture) fill
the lumen of the organ below the arc of cuticle. (C) Flattened stack of confocal images taken
from the preparation loaded with fluo-4/AM. Roughly three clusters of ORNs could be
visualized (dotted line denotes a single cluster). Auxiliary cells (AC), cuticle (C), outer
dendrites (OD) is the signal transduction compartment of the olfactory receptor neurons
(ORNs). Scale bars 100 μm.
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Figure 2.
Spontaneous activity of lobster ORNs measured electrophysiologically and using calcium
imaging. (A) A representative somatic extracellular spike recording from lobster ORNs.
Often a single-electrode recording shows multiunit bursting activity with different burst
frequencies generated by several ORNs (inset). (B) Two types of lobster ORNs are
confirmed by calcium imaging. Representative recordings measured in 3 cells with no
spontaneous oscillating activity and 3 rhythmically active (oscillating) ORNs from the same
neuronal cluster.
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Figure 3.
The odorant stimulation elicits dose-dependent Cai elevation in lobster ORNs. (A) Lobster
nose preparation was loaded with fluo-4/AM and stimulated with Tetra Marine (TET, 0.5
mg/ml). Each pseudo-color image was acquired at the peak of Cai signal approximately 5 s
after the stimulation pulse (pulse duration shown above images). Total 23 cells (empty
circles, 2nd row) were analyzed. Activated cells are denoted as filled circles. Note several
cells with high Cai already in the control, these were likely spontaneously active ORNs. (B)
Cai signals evoked by odor pulses of increasing intensity. Kinetics of the response to a
saturated stimulation (800 ms) was analyzed using approximation of the Cai signals with
exponential functions (e.g red smooth curves). (C) Dose-dependence of the odor-induced
Cai response measured in 23 cells shown individually (gray lines) and as an average. Data
were normalized to maximum values and fit by a Hill equation (solid curve) with following
parameters, K1/2 = 680 ± 42 ms, h = 5.4 ± 1.6. Data are presented as mean ± SD.
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Figure 4.
Cai elevation closely follows electrophysiological response recorded from a single lobster
ORN. (A) Fluo-4 fluorescence image of the cluster with glass electrode attached to the cell
(inset, white arrow). Representative Cai and extracellular spike recording from a cell
repetitively stimulated with TET. Only first three responses out of ten recorded are shown.
(B) Averaged Cai response (n = 3, solid curve, right ordinate) and spike count histogram (n
= 3, gray bars, left ordinate; bin width = 0.5 s) were approximated by the sum of the
exponential functions and superimposed. Every 20th point of the data shows SD of the mean.
Peak spike count corresponds to the fastest rise of the Cai response: time to peak 1 s (spikes)
vs 3.6 s (Cai). Recovery of both the responses was well approximated by an exponential fit
with a time constant tau = 8.2 s (spikes) vs 11.3 s (Cai). (C) Single Cai response from the
cell shown in (A) shown at a faster time scale. Importantly, a few action potentials generate
detectable Cai change. Correlated events marked by asterisks with a number of spikes
underlying each event.
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Figure 5.
Specificity of the odor-induced Cai response in lobster ORNs. (A) Pseudo-colored images of
the cluster stimulated with TET. Each image was acquired at the times indicated by red dots
on top of the second response (second row). The odor was applied 6 times to demonstrate
high reproducibility of the response. Each trace was color coded according to selected 8
most sensitive cells. Note a cell with high Cai already in the first image, this was likely a
spontaneously active ORN. (B) The cluster was stimulated with glutamate (1 mM). Only
three cells generated Cai response. (C) Application of taurine (1 mM) elicited just above
threshold response in two cells one of which was sensitive to TET and glutamate (white
arrow). ORNs demonstrating spontaneous Cai transients were rejected from the analysis.
Scale bars shown in (A) are the same for B and C.
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Figure 6.
Quantitative measurement of the odorant-induced Cai changes in lobster ORNs. (A, B)
Ratiometric calcium measurements shown in 2 representative cells loaded with Fura-2/AM.
Traces show an increase in Cai concentration induced by application of TET (0.5 mg/ml)
pulses of increasing from 100 to 800 ms duration. (C) Distribution histogram of resting Cai
concentration in the same ORN population. Bin width – 200 nM Cai concentration (n = 26).
(D) Dose-dependent changes of the mean peak amplitude of Cai concentration measured in
the cells. Data were fit to a Hill equation with following parameters, K1/2 = 253 ms, h = 3.
(E) Individual peak Cai response amplitudes plotted against resting Cai concentration. ORNs
demonstrating spontaneous strong sporadic changes in Cai level as well as oscillating Cai
signals were excluded from the analysis.
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