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Turtle vomeronasal receptor neurons in slice preparations were 
studied using the patch-clamp technique in the whole-cell and 
cell-attached configurations. The mean resting potential was 
-48, and the response to an injected current step consisted of 
either a single spike or a train of spikes. An injected current of 
3-30 pA was required to depolarize the neuron to spike thresh- 
old near -50 mV. Voltage-clamped vomeronasal receptor neu- 
rons displayed transient inward currents followed by sustained 
outward currents in response to depolarizing voltage steps. In 
cell-attached recordings, 10 PM forskolin added to the bath 
caused a transient increase of spike rate. Intracellular applica- 
tion of CAMP evoked an inward current in a dose-dependent 
manner from the neurons voltage clamped at -70 mV; 0.1 mM 
CAMP was sufficient to elicit an inward current in the neurons. 
The magnitude of the response to CAMP reached a plateau at 

1 mM with an average peak amplitude of 176 + 34 pA. Intra- 
cellular application of 1 mM cGMP also evoked an inward 
current with an average peak amplitude of 227 + 61 pA. The 
reversal potentials of the induced components were estimated 
to be 10 ? 7 mV for CAMP and -4 + 16 mV for cGMP. The 
reversal potential of the CAMP-induced current in external Cl-- 
free solution was similar to that in normal Ringer’s solution, 
suggesting that Cl- current is not significantly involved in the 
current. The present results represent the first evidence of 
cyclic nucleotide-activated conductance in the vomeronasal 
receptor membranes. 

Key words: vomeronasal receptor neuron: transduction; sec- 
ond messenger; CAMP; cGMP; patch clamp; Lucifer yellow; 
turtle 

The vomeronasal organ is a chemoreceptor system located at the 
base of the nasal septum of most terrestrial vertebrates. Whereas 
the olfactory receptor neurons have several long cilia, vomerona- 
sal receptor neurons lack cilia and possess microvilli (Graziadei 
and Tucker, 1970; Hatanaka et al., 1982). The organ plays an 
important role in the execution of several species-typical behav- 
iors, including those involved in feeding, social interaction, and 
reproduction (Powers and Winans, 1975; Rajendren and 
Dominic, 1985; Halpern, 1987; Wysocki and Meredith, 1987). 
Recently, Luo et al. (1994) tentatively identified G-proteins (Gs, 
Gi, and Go) in the vomeronasal tissue membrane preparations of 
garter snakes using immunoreactivity and ADP-ribosylation tech- 
niques and showed that both GTPyS and forskolin increased the 
CAMP level in the neurons. 

Despite these studies of their biological functions and biochem- 
ical properties, the electrophysiological properties of the vomer- 
onasal receptor neurons have been examined only in the frog 
(Trotier et al., 1993). In the frog, voltage-activated Naf and Kt 
currents, a calcium-activated voltage-dependent K+ current, and 
a voltage-dependent Cazt current were observed, and action 
potentials were elicited by depolarizing injected current pulses in 
the range of 2-10 pA. Application of CAMP to the frog vomero- 
nasal receptor neurons failed to elicit a membrane current. 
Hence, no electrophysiological study has demonstrated the in- 
volvement of a CAMP-mediated pathway in the transduction 
process in vomeronasal receptor neurons. 
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In the present study, we examined the electrophysiological 
features of turtle vomeronasal receptor neurons using whole-cell 
and cell-attached patch-clamp techniques. Intracellular dialysis of 
CAMP or cGMP into the neurons elicited a prolonged inward 
current. The present results represent the first clear evidence of 
cyclic nueleotide-activated conductance in the membrane of the 
vomeronasal receptor neurons. 

MATERIALS AND METHODS 
Slice preparation of vomeronasal epithelium. Turtles, Geoclemys reeves& 
weighing 140-240 gm, were obtained from commercial suppliers and 
maintained at 22°C. Turtles were anesthetized by cooling to 0°C and 
decapitated, after which the nasal cavities were opened and the vomer- 
onasal neuroepithelia were dissected out. The epithelia were cut into 
slices -120 pm thick with a vibrating slicer in normal Ringer’s solution at 
0°C and stored at 4°C. Epithelial slices were fixed one at a time on the 
glass at the bottom of a recording chamber. This permits access to cells 
on the surface of the slice by the patch pipette. The preparations were 
viewed under an upright microscope (Optiphot, Nikon, Tokyo, Japan) 
using a 40X water immersion lens. 

Electron microscopy. The vomeronasal neuroepithelia and slice prepa- 
rations of 400 pm thick were prepared as described above. After a quick 
rinse with Ringer’s solution, the specimens were placed immediately in 
Karnovsky’s fixative (Karnovsky, 1965) i.e., 5% glutaraldehyde/4% form- 
aldehyde in 100 mM sodium cacodylate buffer, pH 7.4. Fixation was 
performed at room temperature for at least one night. The tissues were 
posthxed in an aqueous solution of 1% osmium tetroxide for 2 hr and 
dehydrated through a graded series of ethanol. After dehydration, the 
samples were critical-point dried from CO, (model HCP-2, Hitachi Koki, 
Katsuta, Japan) and sputter-coated with gold (model IB-3, Eiko Engi- 
neering, Tokaimura, Japan) and then examined with a Hitachi S-430 
scanning electron microscope (Hitachi, Tokyo, Japan) at 20 kV. 

Data recording and analysis. Conventional whole-cell patch-clamp 
method was used to measure transmembrane currents (Hamill et al., 
1981). Patch pipettes with resistances of 5-10 Ma were made from 
borosilicate glass capillaries using a two-stage electrode puller (model 
PP853, Narishige, Tokyo, Japan) and then heat-polished. Membrane 
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currents were recorded in the whole-cell configuration (holding potential, 
-70 mV). Data were recorded continuously using an EPC-7 patch-clamp 
amplifier (List, Darmstadt, Germany) and stored on videocassette via a 
digital audio processor. All recordings were performed at room temper- 
ature. Data were filtered at 10 kHz and digitized at 10 kHz. Analvsis was 
performed on a personal computer using I&amp software (Axon Instru- 
ments, Foster City, CA). All values are given as mean ? SEM. 

Lucifer yellow dialysis. Lucifer yellow CH was dialyzed intracellularly in 
the same way as intracellular dialysis of cyclic nucleotides. For these 
experiments, tips of the patch pipettes containing a glass filament were 
filled with a 1% Lucifer yellow solution in normal internal solution 
containing 1 mM CAMP and/or 1 mM cGMP. At least 5 min after the 
beginning of dialysis, the pipettes were pulled back from the surface of 
the cells tested so that the membrane resealed. The specimens then were 
transferred to the stage of a fluorescent microscope (Optiphot, Nikon) 
and monitored by making observations with fluorescent illumination. 

Solutions. Normal Ringer’s solution consisted of (in mM): 116 NaCI, 4 
KCI, 2 CaCl,, 1 MgCI,, 15 glucose, 5 Na-pyruvate, 10 HEPES-NaOH, pH 
7.4. For Cl-free Ringer’s solution, NaCI, KCI, CaCl,, and MgCl, were 
replaced by Na-gluconate, K-gluconate, Ca-gluconate, and MgSO,, re- 
spectively. Patch pipettes were filled with a normal internal solution (in 
mM): 115 KU, 2 MgCI,, 10 HEPES-KOH, pH 7.6. CAMP, cGMP, and a 
mixture of them were dissolved in the internal solution to desired final 
concentrations. Lucifer yellow was dissolved in the internal solution 
containing 1 mM CAMP and/or 1 InM cGMP at a concentration of 1%. 
The stock solutions of CAMP and cGMP at appropriate concentrations 
and 1% Lucifer yellow divided into 1.8 ml, 1.8 ml, and 40 ~1 aliquots were 
stored at ~80°C and thawed just before use, respectively. Stocked fors- 
kolin solution was prepared by dissolution in ethanol at 10 tnM, and 
appropriate volumes were added to the Ringer’s solution to give the 
desired concentrations. These forskolin solutions were prepared daily. 
The final concentration of ethanol never exceeded 0.5%. This concentra- 
tion of ethanol alone had no measurable effect on the electrical proper- 
ties of the neurons. 

Gravity was used to deliver a constant stream of Ringer’s solution from 
the stimulating tube. Two electrically actuated valves were used to switch 
irrigating Ringer’s solution and a stimulating solution. The stimulating 
tube with a lumen 160-200 pm in diameter was placed under visual 
control within -500 pm of the neuron. To eliminate a nonspecific effect 
of the mechanical stimulation, a slice was irrigated with normal Ringer’s 
solution at the same flow rate as that of stimulating solution just before 
application of the stimulating one. The concentrations of stimuli were 
represented as concentration in the pipette, and no correction for dilu- 
tion was made. 

Chemicals. CAMP, forskolin, cGMP, and Lucifer yellow CH were 
purchased from Boehringer Mannheim GmbH (Mannheim, Germany), 
Wako Pure Chemical Industries (Osaka, Japan), Yamasa Shoyu (Choshi, 
Japan), and Aldrich Chemical (Milwaukee, WI), respectively. All chem- 
icals used were of the highest grade available. 

RESULTS 

Cell morphology 
Transverse sections of the nasal cavity showed that the olfactory 
mucosa occupied the dorsal region and that the vomeronasal 
mucosa was located in the ventral region (Fig. 1). Vomeronasal 
receptor neurons are bipolar and have microvilli (Graziadei and 
Tucker, 1970; Hatanaka et al., 1982). The microvilli could not be 
identified with the optics used for viewing the electrophysiological 
preparations because they are only 100 nm in diameter (Hatanaka 
et al., 1982). Several microvilli (-100 nm in diameter) extending 
from the terminal ends of the dendrite of receptor neurons could 
be seen by scanning electron microscopy (Fig. 10). 

Hatanaka and Hanada (1987) reported that three layers of 
supporting cells, receptor cells, and basal cells could be distin- 
guished in transverse sections of the vomeronasal mucosa. Al- 
though these layers could not be distinguished clearly in trans- 
verse sections of our preparations, a layer rich in cell bodies 
having bipolar or ovoid shape was observed. Cells in this layer 
dialyzed with 1% Lucifer yellow had a morphology characteristic 
of vomeronasal receptor neurons (Fig. 2). A dendrite of the 

dialyzed cell projected to the epithelial surface where it termi- 
nated in a knob-like structure. All of these cells (n = 12) pre- 
sented voltage-dependent currents similar to those shown in Fig- 
ure 3. In addition, cyclic nucleotide-induced current was 
simultaneously observed in four of five of these cells. We exam- 
ined electrical properties of bipolar and ovoid neurons located in 
this layer in the slices. 

Resting potential 
With normal internal solution in the pipette, turtle vomeronasal 
receptor neurons maintained resting potentials ranging from -33 
to -72 mV (-48 ? 1 mV; IZ = 41). The input resistance was 
measured from the responses to injected currents of 1 set ranging 
from -20 to +20 pA in 20 pA increments applied at the holding 
potential of -70 mV and ranged from 0.7 to 2.8 GR (1.7 ? 0.1 
GR; n = 14). 

Voltage responses to injected current 
In current-clamp recordings, the membrane potentials of the 
neurons were maintained at -70 mV by injecting hyperpolarizing 
current. Step depolarization induced by stimulus current from a 
holding current produced an action potential (Fig. 3A). Twenty- 
five of 30 (83%) neurons fired one to several action potentials in 
response to current steps of (30 pA from the conditioning cur- 
rent that maintains the membrane potential at approximately -70 
mV. The threshold for action potential generation in vomeronasal 
receptor neurons was commonly between -4.5 and -61 mV with 
a mean threshold potential of 50 t 2 mV. A variety of spiking 
patterns was seen, ranging from neurons that fired only a single 
action potential for any suprathreshold stimulus (data not shown) 
to those that generated brief trains of action potentials. In the 
example shown in Figure 3B, the action potentials were generated 
repetitively in response to a depolarizing current pulse of 23 pA. 
Neurons required current injection varying from only 3 pA to 30 
pA to depolarize to spike threshold (data not shown), suggesting 
that vomeronasal receptor neurons in turtle are highly sensitive to 
injected currents similar to those in the frog (Trotier et al., 1993). 

Whole-cell current 

Figure 3C shows the two major currents elicited by depolarizing 
steps of voltage from a holding potential of -70 mV. A transient 
inward current activated at -40 mV became larger, faster, and 
more transient with higher depolarizing steps reaching up to 1 nA 
at -20 mV. The current-voltage (1-v) curves taken at the peak of 
the inward current and during the sustained portion of the out- 
ward current are shown in Figure 30. Outward currents were 
activated near -40 mV and display inactivation during a 60 msec 
step. 

Increase in impulse frequendy in response to forskolin 
To examine whether there is a CAMP-mediated signal transduc- 
tion pathway in the vomeronasal receptor neurons, the responses 
to forskolin, a direct activator of adenylyl cyclase, were recorded 
in turtle vomeronasal receptor neurons using the cell-attached 
configuration. As shown in Figure 4A, before application of 10 pM 

forskolin, the vomeronasal receptor neurons generate spikes 
spontaneously with very low frequency (3 impulses per 10 set 
interval). After the application, spike rate became higher (46 
impulses per 10 set interval). Forskolin induced such increases in 
spike frequency in four of six neurons. After the epithelium was 
washed with normal Ringer’s solution, reapplication of forskolin 
increased impulse frequency in three of four neurons. These 
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olfactory mucosa (OM) 

vomeronasal mucosa (VM) 

C 
10 mm 

Figure 1. The nasal cavity of the stink turtle. A, Schematic drawing of a sagittal section of a turtle nasal cavity corresponding to scanning electron 
micrograph. B, Low-magnification scanning micrograph of a sagittal section of turtle nasal cavity. There is a ridge-like structure indicated by arrowheads 
in the middle portion of the cavity. This ridge-like structure entirely separates the vomeronasal mucosa from the olfactory mucosa. That is, the olfactory 
mucosa occupied the dorsal region and the vomeronasal mucosa was located in the ventral region. These two types of mucosa could be distinguished easily 
from their surface structure. EN, External nares; ZN, internal nares; OM, olfactory mucosa; K&4, vomeronasal mucosa. Lateral aspect of vomeronasal 
epithelium (C) and detailed view of microvilli at terminals of dendrites (0). The dendrites of receptor neurons extended from round soma to the mucosal 
surface through the supporting cell layer, and their terminals were a little swollen. The higher-magnification scanning micrograph (0) taken from the same 
field as that in C clearly demonstrates that the terminals of the receptor neuron dendrites possess a number of microvilli. D, receptor neuron dendrite; 
M, microvilli of the receptor neuron. 

results suggested the existence of adenylyl cyclase and CAMP- 
dependent ion channels in the vomeronasal receptor neurons. 

Transient inward current induced by CAMP 
To confirm the existence of CAMP-dependent conductance in 
vomeronasal receptor neurons, CAMP was introduced into a prox- 
imal part of the dendrite or a part of the cell soma using whole- 
cell configuration. Figure 4B shows the currents induced by intra- 
cellular dialysis of CAMP at varying concentrations into 
vomeronasal receptor neurons. When the pipette was filled with a 
CAMP-free inner solution, the neurons held a steady baseline over 
the test interval of -3-10 min after membrane rupture. On the 
other hand, introduction of CAMP into the neurons evoked pro- 

longed inward currents within a few seconds after membrane 
rupture. The magnitudes of the responses to CAMP introduced 
intracellularly increased with increases in their concentrations. 

In the present study, 30 neurons were stimulated by 1 mM 
CAMP. Twenty-one neurons (70%) displayed an increase in the 
inward current with adaptation of current after the peak response. 
The amplitude of the inward current induced by CAMP varied 
from 0 to 756 pA (176 t 34 pA, 12 = 30). The dispersion in the 
current amplitudes probably reflects cellular differences. In some 
neurons, the CAMP-induced current was not adapted. The data 
obtained from these neurons were excluded because it was un- 
clear whether the current observed represented an inward current 



1242 J. Neuroscl., February 1, 1996, 76(3):1239-1246 Taniguchl et al. l CAMP and cGMP Induced Inward Currents In Vomeronasal Ceils 

Figure 2. A receptor neuron identified by its morphology and electrical characteristics. The neuron was dialyzed with 1% Lucifer yellow. A, Fluorescence 
micrograph of a slice of a vomeronasal epithelium. The dendrite, cell body, and a part of the axon are visible. B, Higher-magnification fluorescence 
micrograph focused on the terminal of the dendrite. Enlargement from the same field as that in A. 

induced by CAMP or artificial leakage. We also excluded the data 
obtained from these cells that made no response to depolarizing 
voltage steps from a holding potential of -70 mV after or before 
intracellular dialysis of cyclic nucleotides. 

Kashiwayanagi et al. (1994) applied 1 mM CAMP into turtle 
olfactory neurons and observed induction of an inward current 
with an average peak amplitude of 252 t 30 pA (n = 31). Thus, 
the magnitude of the response induced by CAMP in the turtle 
vomeronasal receptor neurons was similar to that in the turtle 
olfactory neurons. The time-to-peak for the response of the vome- 
ronasal neurons varied from 5 to 102 set (28 + 5 set; n = 30). This 
time was slower than that for the CAMP-induced response of the 
newt olfactory neurons (near 4 set) (Kurahashi, 1990), but similar 
to that of turtle olfactory neurons (26 ? 4 set; n = 22) (Kashi- 
wayanagi et al., 1994). 

Figure 4C shows the magnitudes of the responses induced by 
intracellular application of CAMP plotted as a function of CAMP 
concentration. The present method of nucleotide application al- 
lowed administration of only a single dose to each neuron. The 
cumulative results from many neurons are shown in Figure 4C. 
The currents started to appear between 0 and 0.1 IIIM, increased 
with increasing CAMP concentrations, and reached a plateau at 1 
mM. This dose dependence was similar to that reported previously 
in isolated olfactory neurons of the newt (Kurahashi, 1990) and 
turtle (Kashiwayanagi and Kurihara, 1995). 

Voltage dependence of CAMP-induced response 

The Z-I, relationships were examined by applying a voltage 
ramp from -70 to +50 mV (480 mV/sec) to voltage-clamped 
vomeronasal neurons before, during, and after the response 
induced by CAMP. The Z-I, relationship measured before the 
response induced by intracellular dialysis of CAMP into neu- 
rons was similar to that measured in control cells with normal 
internal solution (data not shown). As shown in Figure 5, the 
slope of the Z-V curve measured during the CAMP-induced 
response was steeper than that measured before the response, 
indicating that CAMP increases the membrane conductance. 
Because a voltage-sensitive current is activated near -40 mV 
as shown in Figure 3, we estimated the reversal potential of the 
CAMP-induced current from the intersection of the lines that 
were fitted by least-squares regression through the points in- 
volved in straight part of the traces at negative membrane 
potentials less than -40 mV. The reversal potential was esti- 
mated to be 10 t 7 mV (n = 12), which was more positive than 
the potentials observed with isolated newt olfactory neurons 
(Kurahashi, 1990), patch membranes excised from the cilia of 
the frog (Nakamura and Gold, 1987), and olfactory knob of the 
frog and rat (Frings et al., 1992). 

Under the experimental conditions used in Figure 5, the 
reversal potentials for nonspecific cationic channels are similar 
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&ure 3. Electrical responses of a vomeronasal receptor neuron. A, 
Voltage response to current steps between -5 and 7 pA (in 1 pA 
increments). Resting level of this neuron was -70 mV and threshold was 
near -55 mV. B, Viltage response of the same neuron to a current step 
of 23 pA. In every case in which the action potentials were generated 
repetitively, the interval between the few spikes increased with each 
subsequent spike (n = 3). Bottom truces show the corresponding current 
pulse. C, Typical whole-cell currents in a vomeronasal receptor neuron in 
a slice preparation in response to voltage steps. Step levels are shown in 
the bottom truces. Transient inward and delayed outward currents were 
elicited in response to 60 msec voltage steps between - 100 and 60 mV in 
20 mV increments from a holding potential of -70 mV. D, I-V relation- 
ships of peak inward currents (open circles) and 60 msec after the onset of 
the voltage step during the sustained plateau of the outward current (filled 
circles) measured from the records in C. The pipette contained normal 
internal solution, and the bath contained Ringer’s solution. 

to those for chloride channels. Therefore, it is possible that 
chloride current is involved in the CAMP-induced response. We 
checked involvement of chloride in the CAMP-induced re- 
sponse in the turtle vomeronasal neurons. As shown in Figure 
6, bathing the neurons in an external solution containing no 
Cll had little effect on CAMP-evoked inward currents. The 
mean peak amplitude of the current induced by 1 mM CAMP 
was reduced slightly from 176 ? 34 pA (n = 30) to 1.54 ? 44 pA 
(n = 10). The mean reversal potential of the CAMP-evoked 
current was estimated to be -10 ? 8 mV (n = 6). The reversal 
potential in Cl--free Ringer’s solution was smaller than that in 
normal Ringer’s solution but statistically not significant. The 
results suggest that chloride current is not involved significantly 
in the CAMP-induced response. 
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Transient inward current induced by cGMP and its 
voltage dependence 

Figure 7 shows the currents induced by intracellular dialysis of 
cGMP of varying concentrations into vomeronasal receptor neu- 
rons. cGMP was introduced in the same manner as CAMP. Ap- 
plication of 1 mM cGMP to the neurons evoked inward currents 
within a few seconds after membrane rupture in 8 of 10 (80%) 
neurons. The amplitude of the inward current induced by cGMP 
varied from 0 to 555 pA (227 ? 61 PA). The data obtained from 
the neurons in which the cGMP-induced current was not adapted 
were excluded. The time-to-peak for the response of the vomer- 
onasal neurons varied from 4 to 55 set (28 t- 7; n = S), similar to 
that for the CAMP-induced response. 

Figure 7C shows the voltage dependence of the cGMP-induced 
currents examined by applying a voltage ramp from - 100 to -C 60 
mV (43.7 mV/sec) to voltage-clamped neurons during and after 
the response induced by 1 mM cGMP. The slope of the I-I/curve 
measured during the cGMP-induced response was steeper than 
that measured after the response, suggesting that cGMP increases 
membrane conductance. The reversal potential was estimated to 
be -4 ? 16 mV (n = 5) and was similar to that observed in 
response to intracellular application of CAMP as shown in Figure 
5. 

To examine whether CAMP and cGMP activate the same con- 
ductance in vomeronasal receptor neurons, an internal solution 
containing CAMP and cGMP at 1 mM each was dialyzed into the 
neurons and the evoked current response was measured. Simul- 
taneous intracellular dialysis of CAMP and cGMP into the neu- 
rons elicited an inward current in 19 of 29 neurons (data not 
shown). The mean amplitude of the response induced by simul- 
taneous intracellular dialysis of CAMP and cGMP at 1 mM each 
was 205 -’ 47.5 pA, which was similar to that induced by intra- 
cellular dialysis of 1 mM CAMP or cGMP alone. 

DISCUSSION 

Electrophysiological properties of the turtle 
vomeronasal receptor neurons 
The mean resting potential of turtle vomeronasal receptor neu- 
rons was -48 mV, less negative than that of these cells in frog, 
which was reported to be approximately -61 mV (Trotier et al., 
1993). In olfactory neurons of the frog (Trotier, 1986), salamander 
(Fire-stein and Werblin, 1987), newt (Kurahashi and Shibuya, 
1990), and rat (Okada et al., 1994) the resting potentials were 
-40, -55, -44, and -48 mV, respectively. Thus, it appears that 
turtle vomeronasal receptor neurons have similar resting poten- 
tials to olfactory neurons of other species. Input resistance of the 
receptor neurons that were observed in this study was near 1.7 
G0. This value is slightly lower than that of olfactory neurons, 
which was reported to be near 2-10 Go (Firestein and Werblin, 
1987; Trotier et al., 1993; Okada et al., 1994) but it is not 
significantly different. 

The present results showed that the transient inward currents 
activated at -40 mV reached a peak at approximately -20 mV 
(Fig. 3) followed by sustained outward currents that were acti- 
vated at -40 mV and slightly inactivated. These properties are 
similar to those measured in isolated frog vomeronasal receptor 
neurons in which a transient fast inward current activating near 

-45 mV was blocked by tetrodotoxin, and an outward Kf current 
was blocked by internal Cs+ or by external tetraethylammonium 
or Bazt (Trotier et al., 1993). A detailed analysis of these voltage- 
activated currents was not performed in the present study, but the 
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Figure 4. A, Cell-attached extracellular recordings of a single turtle vomeronasal receptor neuron in situ. The arrowhead represents time of application 
of 10 pM forskolin. B, Response induced by intracellular application of CAMP from the patch pipette to a vomeronasal receptor neuron bathed in normal 
Ringer’s solution. The concentrations of CAMP contained in the pipette are shown at the top of each trace. Holding potential, -70 mV. C, 
Dose-dependence of the response induced by intracellular dialysis of CAMP into turtle vomeronasal receptor neurons. Each point represents the mean 
t SEM of data obtained from at least 23 neurons. The curve was fitted by eye. 

transient inward currents and the outward currents were identi- 
fied tentatively as Nat and Kf currents, respectively. 

The properties of the transient inward currents measured in 
turtle vomeronasal receptor neurons also were consistent with 
those measured in rat olfactory neurons (Okada et al., 1994), rat 
olfactory neurons in culture (Trombley and Westbrook, 1991), 
and salamander olfactory neurons (Firestein and Werblin, 1987). 
Outward currents observed in the ,present study displayed a volt- 
age dependence similar to those found in isolated rat olfactory 
neurons (Lynch and Barry, 1991; Trombley and Westbrook, 1991; 
Rajendra et al., 1992; Okada et al., 1994). 

As a result of the high input resistance of the turtle vomerona- 
sal receptor neurons, an injected current of only 3 pA was re- 
quired to reach spike threshold. This is similar to the case of frog 
vomeronasal neurons (Trotier et al., 1993). The sensitivity of the 
turtle vomeronasal receptor neurons to injected currents also was 
comparable to that of the rat olfactory neurons (Lynch and Barry, 
1989). 

The results described above indicate that turtle vomeronasal 
receptor neurons are similar to frog vomeronasal receptor neu- 
rons and olfactory neurons of other species with regard to their 
passive electrical characteristics, being electrotonically compact 

and possessing a low spike threshold, and in their spike responses 
and the gated currents underlying these responses. 

Response induced by cyclic nucleotides 

The present study clearly demonstrated that the turtle vomerona- 
sal receptor neurons respond to intracellular dialysis of CAMP 
with an increase in inward current at negative membrane poten- 

tials in a dose-dependent manner. In the neurons, CAMP induced 
an inward current accompanied by an increase in conductance 
(Fig. 5). The reversal potential of the CAMP-induced current was 

membrane potential (mV) 

Figure 5. Whole-cell Z-V relationships for the current evoked by intra- 
cellular application of 0.5 mM CAMP. The current was measured by 
applying a voltage ramp (480 mV/sec) from -70 to +50 mV before, 
during, and after the response induced by 0.5 mM CAMP. These traces 
were obtained from the same cell. The inset shows the record of the 
CAMP-induced response of this cell under whole-cell voltage-clamp con- 
ditions at -70 mV. The current transients were produced by voltage 
ramps (480 mV/sec) from -70 to +50 mV. The reversal potential of the 
current induced by intracellular application of 0.5 mM CAMP to this 
neuron was estimated to be -16.5 mV. 
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Ringer’s solution. The current was mcasurcd by applying a voltage r:m,p 
(43.7 mV/sec) from -100 to +hO mV bcforc, during, :und after the 
response induced by I ImM CAMP. Thcsc tracts XI-C obtained from the 
same cell. The i,?.sef shows lhe record of the CAMP-induced I-csponsc of 
this ccl1 under whole-cell voltage-clamp conditions at -70 mV. The 
current transients wcrc produced by voltage ramps (43.7 mV/scc) from 
~ 100 to +(,O mV. The reversal potential of the current induced by 
intracellular application of I m\r CAMP to this neuron was estimated to be 
-7.6 mV. 

near 0 mV and practically unaffected by removal of external Cl , 

suggesting the possibility that the CAMP-induced current found in 
this study is evoked via cation nonspecific cyclic nucleotidc-gatcd 
channels. Intracellular dialysis of cGMP into the turtle vomero- 
nasal receptor neurons also elicited inward currents similar to 
CAMP with regard to the peak amplitude and the reversal poten- 
tial of the responses. In addition, the mean amplitude of the 
response induced by simultaneous intracellular dialysis of 1 mM 
CAMP and 1 mM cGMP into turtle vomeronasal receptor neurons 
was similar to that induced by CAMP or cGMP at the concentra- 
tion of 1 rnq at which the CAMP-induced response reached a 

plateau. These results suggest that the two nucleotides that act on 
the same channels as seen in cyclic nuclcotidc-gatcd channels 
found in turtle vomcronasal arc similar to those found in many 
vcrtcbrate olfactory neurons (Troticr and MacLcod, lY86; Naka- 
mura and Gold, 1987; Suzuki, 198’9; Bruch and Tectcr, 1990; 

Fircstcin ct al., 1YY 1; Frings et al., lYY2). 

In the frog, intracellular dialysis of CAMP into vomcronasal 
receptor neurons failed to elicit a mcmbranc current (Trot& et 
al., lYY3). The disagreement between the results of this previous 
and the present study may have been attributable to the dXerence 
in species of animal used. Alternatively, the discrepancy may have 
been attributable to the diffcrcnccs in the type of preparation 
used; we examined neurons in slice preparations, whereas Trotier 
ct al. (1994) used cnzymatically isolated vomcronasal neurons. It 
is possible that enzymatic dissociation of the neurons inflicts 
unintentional damage on channel activities. 

In the turtle vomeronasal organ, neither a chemoattractant nor a 
substance that activates the CAMP cascade has been identified. 
Therefore, the biological roles of CAMP channels found in the 
present study arc unknown. III the garter snake, the chcmoattractant 
ES20 (Jiang ct al., 1990) was suggcstcd to couple with the G-proteins 
Gs, Gi, and Go (Luo et al., 1994). Both GTPyS and forskolin 
increased the CAMP level in snake vomcronasal neurons (Luo et al., 

-0.5 ' 
-100 -60 -20 20 60 

membrane potential (mV) 

F$u~‘c’ 7. A. Response induced by into-accllular application 01 0 m\r 
cGMP (normal internal solution) from the patch pipcttc to ;I vomeronasal 
rcccptor ncul-on bathed in normal Ilingct-‘s solution (control). W. Rc- 
sponse induced by intracellular application of I mM cGMP from the patch 
pipette to a vomcronasal rcccptor neuron bathed in nol-mal Ringer’s 
solution. The current tmnsients were produced by applying voltage rnmps 
(43.7 mVisec) from ~ IO0 to +(10 mV. 0/1~r and solid ha/:v above tracts 
indicate period of intracellular dialysis of 0 and 1 rnhl cC;MP in normal 
internal solution, respcctivcly. Holding potential, ~70 mV. C‘. Whole-cell 
I-V relationships for the current evoked by intracellular application of I 
tn~ cCrMP. The current was measured by applying a voltage ramp (43.7 
mV/sec) from - 100 to +hO mV during and alter the response induced by 
I mM cCJMP. Thcsc tracts were obtained I’I-om the sami: cell. The reversal 
polcntial of the current induced by into-accllular applic:rtion of I nm 

cC;MP tc) this IICUI-on was estimated to bc -5.3 mV. 

I YY4). The present results, togcthcr with these ohsen/ations, support 

the idea that the cAMP pathway is involved in the transduction of 
environmental chemical stimuli in the vomeronasal organ. 

Luo et al. (1994) also reported that the binding of ES20 to its 
rcccptors in the snake vomcronasal neurons increased inositol 1,4,5- 
trisphosphate (IP3) Icvels. In a previous study (Taniguchi et al., 
IYYS), WC found that intracellular application of IP, to turtle vome- 

ronasal receptor neurons cvokcd a prolonged inward current and 
that this current was inhibited by cxtcrnal ruthenium red, dcmon- 
strating that the membranes of thcsc IICUI-OIE possess IP,-activated 
conductance. Thcsc obsclvations suggest that the IP,-mcdiatcd path- 
way also is involved in the transduction of chemoattractant signals. 
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