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Axons of the type B photoreceptors form synapses with hair
cells and interneurons that are involved in classical conditioning
in Hermissenda. We examined the differences in the Ca2�

channels expressed in the soma and axons of the B photore-
ceptors by direct functional recordings of single-channel cur-
rents. Although the soma of the B cells express two Ca2�

current subtypes, a transient BayK 8644-insensitive (�17 pS)
current and a sustained BayK 8644-sensitive (�10 pS) current,
the axons expressed only the latter. The axonal Ca2� current
activated at potentials positive to �20 mV. Moreover, the Ca2�

channels are distributed heterogeneously along the length of
the axon, with the higher channel density (�10–15 channel
�m�2) occurring at the distal one-third of the isolated axons,

with respect to the soma. The regions of Ca2� channel clusters
may represent the presynaptic site of the photoreceptor–inter-
neuron synapses. Furthermore, the high-density clusters of
Ca2� channels may augment postsynaptic responses. The
results of the present study represent the first direct recordings
of Ca2� currents at presumed synaptic sites. Expression of
different Ca2� channel subtypes at distinct compartments of
the type B photoreceptors may generate diverse Ca2� domains
that may be required for neuronal plasticity in Hermissenda.
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Classical conditioning in the invertebrate mollusk, Hermissenda
crassicornis, after repeated exposures to paired light and motion
entails cellular changes in the sensory interactions between the
vestibular hair cells, the ocular photoreceptors (Crow and Alkon,
1980; Alkon et al., 1985, 1998; Crow, 1985), and interneurons
(Hodgson and Crow, 1992). Studies have shown that type B
photoreceptors undergo memory-associated changes, which are
generated through enhanced membrane excitability linked to
increased input resistance (Alkon et al., 1982; Tomsic and Alkon,
2000) and a reduction in several K� conductances (Alkon et al.,
1985). The enhanced synaptic facilitation after conditioning
(Schuman and Clark, 1994; Frysztak and Crow, 1997), the differ-
ential membrane properties (Yamoah and Crow, 1996; Yamoah
et al., 1998) between type B and type A photoreceptors, as well as
the synaptic organization of identified photoreceptors and other
visual pathway neurons have also been investigated (Crow and
Tian, 2000, 2002). However, the aforementioned learning-
induced changes have all been analyzed at the soma membrane,
whereas little or no information has been reported at the axonal
site where the synaptic connections between hair cells, interneu-
rons, and photoreceptors occur.

A fundamental characteristic of learning and memory involves
not only changes in the membrane properties but increased effi-
cacy of neurons at the synaptic level, such as in long-term poten-
tiation (LTP) (Lynch et al., 1990; Staubli and Rogers, 1994;
Malenka and Nicoll, 1999). Moreover, the enhanced synaptic

strength as initiated by Ca2� influx (Lynch et al., 1990) and the
consequent rise in intracellular Ca2� of presynaptic cells seem to
be the crucial key to LTP (Linden and Ahn, 1999; Malenka and
Nicoll, 1999).

The cellular modifications observed in conditioned Hermis-
senda have only been observed at the soma of photoreceptors, but
changes at the synaptic sites between hair cells, interneurons, and
photoreceptors still remain uncertain. Because Ca2� influx is
critical for neurotransmitter release at the synapses, and Ca2�

initiates several short- and long-term changes in neurons, we
determined what unique properties axonal Ca2� channels of the
photoreceptors would contribute to the steps in the mechanisms
of plasticity in Hermissenda.

MATERIALS AND METHODS
Isolation of soma and axons of type B photoreceptors. H. crassicornis were
purchased from Sea Life Supply (Sand City, CA). Animals were held in
modified 50 ml tubes, housed in an artificial seawater (ASW) tank, and
maintained at 12–14°C. Hermissenda were fed scallops and kept on a 12
hr light /dark cycle. Details of the procedure for isolation of the eyes and
photoreceptors of Hermissenda have been described previously by Ya-
moah and Crow (1994). The CNS was dissected in ASW and allowed to
stand for 10 min at 4°C. These were then treated with an enzyme mixture
consisting of protease XXIV (1 mg/ml) (Sigma, St. Louis, MO) and
dispase II (5 mg/ml ASW) (Boehringer Mannheim, Mannheim, Ger-
many) in ASW. The CNS was digested for 15–20 min at 4°C and for
another 10–20 min at room temperature. The preparation was washed
using ASW at 4°C. The eyes were removed surgically, desheathed,
transferred into a recording chamber (35 mm sterile culture dish), and
observed with an Olympus inverted microscope (IX70; Olympus Optical,
Tokyo, Japan). Photoreceptors were identified as type A or B on the
basis of their position relative to the lens and optic nerve (see Fig. 1 A,B)
(Yamoah and Crow, 1996). Isolated eyes without a lens and the stump of
the optic nerve were therefore discarded. For experiments that required
the type B photoreceptor axons, only preparations with an axon length of
�90 �m were considered acceptable. Using the soma as the reference,
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isolated axons were divided arbitrarily into three equal parts: proximal
one-third, middle third, and distal one-third. The average yield for axon
isolation procedure was one photoreceptor per animal.

Chemicals and solutions. All chemicals were obtained from Sigma,
unless indicated otherwise. ASW was composed of the following (in
mM): 390 NaCl, 10 KCl, 10 CaCl2, 23 MgCl2, 25 MgSO4, 15 HEPES, and
10 D-glucose. The solution was sterile filtered, and the pH was adjusted
to 7.8 with 1 M NaOH. Whole-cell Ca 2� currents were recorded using
external solution consisting of (in mM): 300 choline chloride, 50 MgCl2,
20 CaCl2, 10 glucose, 5 4-aminopyridine (4-AP), 100 tetraethylammo-
nium acetate (TEA-acetate), and 15 HEPES, sterile filtered and adjusted
to a pH of 7.7 with 1 M TEA-OH. The pipette or internal solution was
made up of the following (in mM): 300 CsCl, 300 N-methyl-D-glucamine,
10 glutathione (reduced), 5 EGTA, 20 TEA-Cl, 5 Mg(ATP), 1
Na2(GTP), and 40–50 HEPES, pH 7.4, with TEA-OH. Stock solution of
100 mM BayK 8644 (Calbiochem, La Jolla, CA) was made with DMSO
and stored at �20°C. Aliquots of the stock solution were added to bath
solutions to obtain the desired concentration (10 �M). For single-channel
recordings, the bath solution contained (in mM): 350 K-glutamate, 100
TEA-Cl, 50 MgCl2, 10 D-glucose, 10 CaCl2, 5 4-AP, and 10 HEPES, and
was adjusted to a pH of 7.4 with TEA-OH to shift the resting potential
to �0 mV. Patch electrodes were filled with (in mM): 250 Ba 2�, 100
TEA-Cl, 5 4-AP, and 10 HEPES, pH adjusted to 7.4 with TEA-OH.
Osmolarity of all solutions ranged from 0.96 to 1 Osm.

Whole-cell and single-channel Ca2�/Ba2� current recordings and analy-
sis. Whole-cell recordings were performed using standard patch-clamp
recordings with the Axopatch 200B amplifier (Axon Instruments, Foster
City, CA) (Hamill et al., 1981). Patch pipettes [borosilicate glass capil-
laries; 1.5 mm outer diameter (OD) and 1 mm inner diameter (ID)]
(World Precision Instruments, Sarasota, FL) were pulled with a horizon-
tal electrode puller (Model P-97; Sutter Instruments, Novato, CA). The
tips of the pipette were fire polished using a micro-forge (MF-830;
Narishige, Tokyo, Japan) to obtain tip diameters of �1 �m. The pipette
resistances were 1.2 � 0.6 M� (n � 30) using the pipette solution
described above. A 3% agar bridge with 1 M KCl was used as a reference
electrode. For single-channel recordings, the cell-attached configuration
was used. Patch pipettes were made from borosilicate glass with 2 mm
OD and 1 mm ID. The tips of the electrodes were fire polished, and
regions close to the tips (�10 �m) were coated with Sylgard (Dow
Corning, Midland, MI) to reduce the capacitance of the electrodes. Patch
pipettes filled with single-channel recording solution had resistances of
1.1 � 0.7 M� (n � 51). Single-channel patches with seal resistances of
�5 G� were considered to be acceptable for analysis. Single-channel
currents were filtered at 1–2 kHz using a low-pass Bessel filter, sampled
at 10–40 kHz, and stored in a personal computer. The channels were
activated at a frequency of 0.2 Hz. Currents were digitized through an
analog-to-digital converter (Digidata 1200; Axon Instruments). Data
collection of the whole-cell current was controlled with pClamp software
(version 8.0; Axon Instruments). However, single-channel currents were
acquired using a custom-written software. Data analysis of recorded
whole-cell Ca 2� currents was performed using Clampfit 8.1 (Axon
Instruments) and Origin 6.0 (Microcal Software, Northampton, MA).

Analysis of single-channel currents was performed using a custom-
written software, which is linked to Origin software (Microcal). Leak and
capacitative currents were corrected off-line by fitting smooth templates
to null traces and subtracting them from active traces. Open–close
transitions were detected using half-height threshold analysis criteria.
Idealized records were used to generate amplitude histograms and then
fitted to a single Gaussian distribution using a Levenberg–Marquardt
algorithm to obtain the mean single-channel amplitude and SD. We used
a minimum of five voltage steps and their corresponding single-channel
currents to determine the unitary conductance. The single-channel cur-
rent–voltage relationship was fitted by a linear least-square regression
line, and single-channel conductance was obtained from the slope of the
regression line. Idealized records were also used to construct ensemble-
averaged currents and open probability as well as closed- and open-time
histograms. All experiments were performed at room temperature
(�21°C). Where appropriate, pooled data were presented as means �
SD.

RESULTS
We have shown previously that at least two Ca2� current sub-
types (sustained and transient current) are expressed in the soma
of the type B photoreceptors (Yamoah and Crow, 1994). Shown

in Figure 1C are Ca 2� current traces recorded from a type B
photoreceptor, from a holding potential of �80 mV to a test
potential of 10 mV. When the same cell was held at �30 mV and
stepped to the same test potential, the transient component was
suppressed, and the sustained current became apparent. We have
reported that the sustained current is sensitive to the dihydropy-
ridines, but the transient current is not (Yamoah and Crow,
1994). To further identify the channels, single-channel currents
were recorded using cell-attached patches from type B photore-
ceptors. Figure 1D illustrates a family of single-channel Ba2�

currents that were recorded before and after the application of 10
�M BayK 8644. Aside from its sensitivity toward BayK 8644, the
current was activated from a holding potential of �30 mV and
remained open at the end of a �300 msec test pulse. This
single-channel current thus represents the sustained component.
The increase in long openings after application of the dihydro-
pyridine agonist BayK 8644 is a characteristic feature of L-type
Ca 2� channels in vertebrate neurons and cardiac cells (Fox et al.,
1987; Rodriguez-Contreras and Yamoah, 2001). Moreover, the
concentrations of the drug used in these experiments were slightly
higher than that required for vertebrate cells. The higher concen-
trations may be necessary for the high ionic strength of the
seawater solutions used for the recordings (Yamoah et al., 1994).

To record the single-channel currents of the transient compo-
nent, nitrendipine (20 �M) was included in the patch pipettes to
block the sustained current. Similar methods have been used to
isolate single L-type channels in vertebrate hair cells (Rodriguez-
Contreras and Yamoah, 2001). The ensuing single-channel cur-
rent had frequent openings at the first 100 msec of the test
potentials and was apparent when patches were held at a more
negative holding potential (less than �70 mV) (Fig. 1E). Shown
in Figure 1F are the single-channel current–voltage relationships
of the two subtypes of Ba2� currents in the B photoreceptors.
The slope conductances of the regression lines for the BayK
8644-sensitive and -insensitive currents were 10 and 17 pS, re-
spectively. Patch pipettes containing either 500 �M Cd 2� or 5 mM

Co 2� yielded no inward Ba2� current (data not shown). Al-
though the sustained current in the soma of the Hermissenda
photoreceptors contained several features that are consistent with
L-type Ca2� channels in neurons (Tsien et al., 1988), the single-
channel conductance is quite distinct. Typically, the single-
channel conductance of L-type Ba2� currents using 70–110 mM

as the charge carrier is �20–30 pS (Fox et al., 1987; Elmslie, 1997;
Rodriguez-Contreras and Yamoah, 2001). Single-channel data of
L-type channels from rat cerebellar neurons reveal distinct gating
patterns at different states, one of which has a different conduc-
tance (Forti and Pietrobon, 1993). Thus, the distinct conductance
of the BayK 8644-sensitive channels in the photoreceptors may
reflect subtle differences between L-type channels, suggestive of
different channel subtypes in the L-channel class.

In contrast to the soma, the axons of type B photoreceptors
expressed only the sustained current with dihydropyridine sensi-
tivity and activation voltage that is more positive than the 17 pS
current (Fig. 2A). The single-channel conductance of the axonal
Ba2� currents was �9 pS (Fig. 2B). Because similar methods
were used to isolate the soma and axons, it is unlikely that the
enzyme dissociation procedure used contributed toward the ob-
served differences in channel expression. We determined the
kinetics of the axonal Ba2� currents from patches containing
single channels to assess their open and shut (closed) times.
Figure 3A shows the dwell and shut time histograms of the
channel at a test potential of 10 mV. The open and shut time
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Figure 1. Ca 2� currents in soma of type B photoreceptors. A, Photomicrograph of isolated Hermissenda eye preparation with an intact axon. The arrow
shows an axon �120 �m in length. B, Schematic diagram of the eye and the statocyst (S) with associated synaptic connections along the axons of the
photoreceptors. Scale bar, 40 �m. L, Lens; A, B, type B and A photoreceptors; OG, optic ganglion. C, Whole-cell Ca 2� currents recorded by eliminating
inward Na � currents and suppressing outward K � currents with choline substitution of external Na � and using bath TEA and 4-AP, respectively. The
current trace recorded from a holding potential of �80 mV and a step potential of 10 mV (C1) consists of a transient and sustained component. The
transient component was suppressed when the cell was held at �30 mV (C2). The difference current (C1 � C2) revealed the transient current. D, A family
of seven consecutive sweeps of single-channel current traces recorded in the cell-attached configuration showing brief single-channel opening events. The
charge carrier for the single-channel recordings was 250 mM Ba 2�. Bath application of 10 �M BayK 8644 resulted in long-duration openings. The holding
potential of the patch was �30 mV, and the step potentials are indicated. The closed and open levels are denoted as C and O, respectively. E, Typical
amplitude histogram used to determine the unitary amplitude of single-channel currents. The example shown was generated from current traces elicited
at a step potential of 20 mV. F, In contrast to the BayK 8644-sensitive current, another single-channel current was recorded from the B-cell somata that
showed openings at the first 100 msec of the test pulse. The patch pipette contained 20 �M nitrendipine. The current became apparent when patches were
held at more negative potentials; the holding potential of the current traces shown is �90 mV, and the step potentials are indicated beside the traces.
The low voltage-activated current was insensitive to BayK 8644 (data not shown). G, The corresponding current–voltage relationships for the BayK
8644-sensitive (F) and -insensitive (E) currents are shown, and the conductances (�) were 10 and 17 pS, respectively. Analysis of seven patches of BayK
8644-sensitive and -insensitive currents produced a mean conductance (9.7 � 1.4 pS and 16.6 � 3.1 pS), respectively.
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distributions were best fitted by the sum of two exponential
functions, with time constants of open and shut distributions as
follows: �dwell,1 � 0.09 msec and �dwell,2 � 1.6 msec; �shut,1 � 0.17
msec and �shut,2 � 3.4 msec, respectively (Fig. 3A,B).

DISCUSSION
Indirect evidence for the differential distribution of Ca2� chan-
nels in the somata and axons of neurons has been inferred from
action potential-evoked responses from crayfish, lamprey, rat hip-
pocampal, and cerebellar cultured neurons (Delaney et al., 1991;
Backsai et al., 1995; Mackenzie et al., 1996; Forti et al., 2000).
Moreover, reports using antibodies raised against the Ca2� chan-
nel subtypes Cav2.1, Cav2.2, and Cav2.3 have revealed immuno-
histochemical evidence for the heterogeneous distribution of
these Ca2� channels in the axon, dendrites, and soma of neurons
(Volsen et al., 1995; Westenbroek et al., 1995). Aside from the
important role of voltage-gated Ca2� channels (VGCCs) in me-
diating Ca2� influx, which is necessary for normal neuronal
functions (e.g., triggering of neurotransmitter release), the axonal
Ca2� currents may regulate the firing rate of propagated action
potentials through activation of Ca2�-dependent K� channels
(Callewaert et al., 1996). Furthermore, Ca2� storage organelles
have been located in axons, raising the possibility that biological
phenomena such as Ca2�-induced Ca2� release may occur dur-
ing the conduction of action potentials and neurotransmitter
release (Ogden et al., 1993; Forti et al., 2000). For the type B

photoreceptors, differential expression of Ca2� channels may
support the compartmentalization of Ca2�-dependent mecha-
nisms, which has been debated as one of the necessary events that
may occur during classical conditioning (Crow, 1985; Alkon and
Rasmussen, 1988). Typically, Ca2� channels at presynaptic ter-
minals consist of non L-type channels (Wu et al., 1999). However,
for synapses in which there is tonic transmitter release, the L-type
channel plays a major role in triggering transmitter release, rais-
ing the possibility that axonal Ca2� channels in B photoreceptors
may mediate tonic release.

The presence of Ca2� microdomains, moreover, may extend
beyond axon–soma compartments. There were remarkable vari-
ations in the number of channels in axon-attached and null-
channel patches, using patch electrodes with similar diameters
and resistances. We divided 90 �m axons into proximal, middle,
and distal thirds and determined the channel densities of the
patches. A total of 59 patches were examined: 16 patches from the
proximal third, 19 from the middle third, and 24 from the distal
third. Only one patch from the proximal third contained a chan-
nel (6%). In addition, the seven patches (37%) in the middle third
contained channels, and 22 patches (92%) in the distal third had
single-channel or multichannel events. Shown in Figure 4A are a
family of consecutive current traces recorded from a patch from
the distal third of a type B photoreceptor axon. Using the bino-

Figure 2. Single-channel Ba 2� currents from type B photoreceptor ax-
ons. A, Representative unitary Ba 2� current traces recorded from the
photoreceptor axon in the presence of 10 �M BayK 8644 and elicited from
a holding potential of �70 mV using test potentials as indicated (vertical
lines indicate the beginning of the test pulses). Horizontal lines represent
zero current levels. B, The corresponding current–voltage relationship
was plotted as mean � SD. The calculated single-channel conductance (�)
is 9 pS. Summary data from nine similar patches yielded a mean conduc-
tance of 8.9 � 1.5 pS.

Figure 3. Kinetics of single-channel Ba 2� currents in type B photore-
ceptor axons. A, An open-time histogram of axonal single Ba 2� currents
was generated from traces elicited at a test potential of 10 mV. The
histogram was fitted using two exponential functions. The time constants
(�) of the open time for the example shown are indicated. B, The shut
(closed-time) distribution histogram was also fitted with two � values as
shown. Analyses of the open- and closed-time distribution were per-
formed on axonal patches that contained single channels. Mean data from
five patches for the open and shut times of traces elicited at a test potential
of 10 mV were as follows: �open,1 � 0.1 � 0.06 msec; �open,2 � 1.8 � 0.5
msec; �shut,1 � 0.15 � 0.08 msec; �shut,2 � 3.2 � 1.8 msec.
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mial distribution, we estimated that there were �8 channels in the
patch (Fig. 4B). The capacitance of the patch membrane was
estimated to be �10 pF (Rodriguez-Contreras and Yamoah,
2001). Thus, assuming a specific membrane capacitance of 10 mF
m�2, the channel density was determined as N per patch capac-
itance and expressed as the number of channels per square
micrometer.

The axons of the type B photoreceptors serve not only as
postsynaptic sites for neuritic projections from the presynaptic
hair cells (Alkon and Fuortes, 1972) but also represent presyn-
aptic loci for downstream interneurons (Hodgson and Crow,
1992). Although the present experiments do not allow for iden-
tification of the exact synaptic site, versa vi, presynaptic and
postsynaptic, it would be reasonable to infer that the sites of high
Ca2� channel density correspond to the presynaptic regions. The

values obtained for the channel density (10–15 channels m�2)
resemble the Ca2� channel density in presynaptic terminals of
the chick ciliary ganglion and bullfrog saccular hair cells (Haydon
et al., 1994; Rodriguez-Contreras and Yamoah, 2001). However,
it is equally possible that some of the Ca2� channel clusters and
solitary channels may be poised at postsynaptic sites to augment
Ca 2� influx after neurotransmitter-mediated depolarization.

Axons and dendrites may be involved not only in signal trans-
mission but also in signal transduction. Several forms of neuronal
plasticity may be mediated through Ca2� entry into mammalian
axons via VGCCs (Callewaert et al., 1996; Beck et al., 2001;
Jackson et al., 2001; Verbny et al., 2002). Although Ca2� influx
and synaptic contacts between Hermissenda hair cells, interneu-
rons, and photoreceptors are crucial to plasticity during condi-
tioning, the exact mechanism remains unknown. Direct measure-
ments of the Ca2� currents in the photoreceptor axons, as
described in this study, are a first step toward our understanding
of the contribution of axons in the mechanisms underlying
conditioning-associated plasticity in Hermissenda.
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