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Insulin Receptor in Aplysia Neurons: Characterization, Molecular 
Cloning, and Modulation of Ion Currents 
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We have isolated the cDNA for a tyrosine kinase receptor that 
is expressed in the nervous system of Aplysia californica and 
that is similar to the vertebrate insulin receptor. Binding studies 
and immunocytochemical staining show that the receptor is 
abundant in the bag cell neurons. Application of vertebrate 
insulin to clusters of bag cell neurons stimulates the phosphor- 
ylation of the receptor on tyrosine residues, and exposure of 
isolated bag cell neurons to insulin produces an increase in 
height and a decrease in duration of the action potentials that 

can be detected within 15-30 min. These effects were not seen 
with insulin-like growth factor-l. In voltage-clamped neurons, 
insulin produces an increase in the amplitude of the voltage- 
dependent Ca2+ current that can be blocked by preincubation 
with herbimycin A, an inhibitor of tyrosine kinases. Insulin also 
enhances a delayed K’ current. We suggest that insulin-like 
peptides regulate the excitability of the bag cell neurons. 
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Insulin is a peptide growth factor that stimulates growth and 
differentiation of various kinds of developing cells. For many 
growth factors, the mechanism of transduction involves binding of 
the peptide to a membrane-spanning receptor activating a ty- 
rosine kinase in the cytoplasmic domain of the receptor (Rosen, 
1987; Cantley et al., 1991). Many receptor and nonreceptor ty- 
rosine kinases are expressed abundantly in the mature nervous 
system (Lai and Lemke, 1991), and their functions in long-term 
programs of cell growth and differentiation are well described 
(Schlessinger and Ullrich, 1992). In neurons, changes induced by 
protein tyrosine kinases influence clustering of receptors during 
development (Huganir and Greengard, 1990) and extension of 
axonal growth cones (Goldberg and Burmeister, 1992; Maness 
and Cox, 1992). It is unclear, however, whether receptor tyrosine 
kinases participate in short-term changes of neuronal excitability. 
Nevertheless, recent evidence suggests that tyrosine kinases reg- 
ulate ion channels acutely (Huang et al., 1993; Wilson and Kacz- 
marek, 1993; Wang and Salter, 1994) and that nonreceptor ty- 
rosine protein kinases are needed to induce long-term 
potentiation (O’Dell et al., 1991) and spatial learning (Grant et 
al., 1992). 

Whether insulin and insulin-like peptides act in synaptic trans- 
mission is still uncertain. Havrankova et al. (1978) and Baskin et 
al. (1987) detected receptors for insulin in mature vertebrate 
brain. An uptake mechanism from plasma has been described 
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(Schwartz et al., 1992), suggesting that insulin may act through the 
blood stream as a hormone. In addition, insulin can be synthesized 
by neurons and is released by depolarization, suggesting that it 
may act as a neurotransmitter or as a local peptide hormone 
(Uvnas-Wallenstein, 1981; Boyd et al., 1985). Several electrophys- 
iological actions of insulin have been described, including in- 
creased electrical coupling between cultured sympathetic neurons 
(Wolinsky et al., 1985) and inhibition of spontaneous firing of rat 
hippocampal neurons (Palovcik et al., 1984). Moreover, identified 
Aplysia neurons are rapidly hyperpolarized in response to verte- 
brate insulin (Shapiro et al., 1991). 

Insulin-like peptides have also been described in nervous sys- 
tems of many invertebrates (Thorpe and Duve, 1984; Steiner et 
al., 1985), notably in the pond snail, Lymnaea stagnalis. These 
molluscan insulin-like peptides (MIPS) are similar in sequence to 
mammalian insulin and are believed to regulate reproduction and 
growth (Smit et al., 1988, 1991). Immunocytochemical evidence 
indicates that many neurons in the central nervous systems of 
Lymnaea and Aplysia contain these peptides (Van Minnen and 
Schallig, 1990). 

We report the cDNA cloning and biochemical characterization 
of an insulin receptor from Aplysia califomica and show that it is 
expressed abundantly in the bag cell neurons, a group of cells that 
play a key role in the onset of reproductive behaviors (Conn and 
Kaczmarek, 1989). We also provide functional evidence that bag 
cell neurons express a receptor similar to the mammalian insulin 
receptor. Exposure of bag cell neurons to mammalian insulin 
triggers autophosphorylation on tyrosine residues of the bag cell 
neuron receptor and enhances voltage-dependent Ca2+ and K+ 
currents, leading to changes in action potentials. 

MATERIALS AND METHODS 
Immunocytochemistry. Anti-peptide antibodies against the insulin-binding 
pocket of the human insulin receptor 01 subunit (UBI, Lake Placid, NY) 
were diluted 1:20 for immunocytochemistry and 1:200 for immunoblot 
analysis. Tissues were fixed in Bouin’s fixative modified for Aplysia [2% 
paraformaldehyde, 15% picric acid, 1% glacial acetic acid in 0.1 M sodium 
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phosphate, pH 7.4, containing 30% (w/v) sucrose]. Cryostat serial sections 
(10 pm) were mounted on gelatin-coated glass slides, rinsed with PBS 
containing 0.25% saponin, dehydrated and bleached in 0.3% H,O,, and 
then rehydrated. Sections were blocked with 2% normal goat serum and 
incubated in a 1:20 dilution of rabbit anti-insulin receptor antibody (150 
&ml) overnight at 4°C. Controls used were normal rabbit IgG (150 or 36 
&ml). Slides were rinsed again in PBS/saponin, incubated in rhodamine- 
conjugated goat anti-rabbit IgG, and rinsed and coverslipped with Aqua- 
PolyMount (Polysciences, Warrington, PA). Sections were viewed by 
phase microscopy and epifluorescence with a Leitz microscope (filter 
pack N-2) and photographed with high-speed Kodak Tri-X film (Ro- 
chester, NY). 

Intact bag cell clusters and bag cell neurons in culture were examined 
with a Bio-Rad MRC 1000 confocal apparatus (Bio-Rad, Cupertino, CA). 
Immunocytochemistry was performed as described above. Images were 
processed with Bio-Rad’s COMOS software package; 1.0 pm slices in the 
z-axis were processed and analyzed. 

Immunoblot analysis. Tissues were homogenized in 50 mM Tris-HCl, 
pH 7.5, 10 IIIM MgCl,, 1 mM EGTA, 5 mM 2-mercaptoethanol, 0.1 mM 
phenolmethyl sulfonylfluoride (PMSF; Sigma, St. Louis, MO), 50 Fg/ml 
aprotinin, 5 mM benzamidine, and 0.1 mM leupeptin (400 ~1) with 
glass-glass homogenizers (Micrometric, Tampa, FL). The homogenate 
was centrifuged at 1000 X g to remove debris and then at 100,000 X g for 
30 min in a TL-100 (Beckman, Palo Alto, CA). After SDS-PAGE of 100 
pg samples [as measured by the Bradford (1976) method], fractionated 
proteins were transferred to nitrocellulose (0.45 pm, Bio-Rad). Complete 
transfer was shown by staining with Amido black (Harlow and Lane, 
1988). The membrane was blocked in TBSN (25 mM Tris-HCI, pH 8, 130 
mM NaCI, 3 mM KCI, and 0.1% Nonidet P-40; Harlow and Lane, 1988) 
with 3% bovine serum albumin (BSA) for 1 hr at room temperature and 
then incubated with primary antibody in TBSN for 1 hr at room temper- 
ature. The filter was washed three times for 10 min each with TBSN at 
room temperature. Detection was with an alkaline phosphatase- 
conjugated secondary antibody kit (Promega, Torrance, CA). 

Receptor binding. Aplysia plasma membranes were obtained by the 
method of Petruzelli et al. (1982) and synaptosomal membranes were 
obtained by the method of Chin et al. (1989). Competitive binding 
experiments were performed as described by Czech and Lynn (1973). 

cDNA cloning. mRNA was extracted by the micro technique of Chir- 
gwin et al. (1979). In the experiments reported, mRNA was generated 
from two bag cell neuron clusters removed from a single Aplysia weighing 
85 gm (Mariculture Facility, Miami, FL). Coupled cDNA synthesis/PCR 
(PEiCetus kit 1402) was performed in a Perkin-Elmer Cetus PCR ther- 
mocycler (Emeryville, CA) using the degenerate ramp strategy of Lee and 
Caskey (1990) for cycles l-5 and a standard protocol for cycles 6-40. 
Primers, with sequences from the human insulin receptor kinase domain 
(Ullrich et al., 1985) were present at a final concentration of 0.4 PM each. 
Primer 1 (5’.TTzGGNATGGTNTAEGAeGG-3’) is 120.fold degener- 
ate, whereas primer 2 (5’.TA$TA$TCNGTzTC$TAtATgTC-3’) is 384- 
fold degenerate. PCR products were subcloned into pcDNA 1 (Invitro- 
gen, San Diego, CA) using the AT subcloning system (Invitrogen). 
Sequence analysis was performed on an ABS DNA sequencer at the 
Columbia University Comprehensive Cancer Center Core Facility. 

An Aplysia bag cell neuron cDNA library was constructed with the 
same input mRNA used for degenerate PCR analysis. The library was 
made in Lambda Zap II (Stratagene, La Jolla, CA) and was random- 
primed. The cDNA was size-fractionated, and cDNAs greater than 1.0 kb 
were selected by gel electrophoresis and electroelution; 1 X 10” plaques 
were screened at high stringency with a random-primed PCR-product 
cDNA fragment corresponding to the Aplysia bag cell neuron insulin 
receptor kinase domain. Positive plaques were rescreened two additional 
times, purified by helper phage rescue (Stratagene) into plasmids, and 
sequenced by the double-stranded technique described above. Computer 
analysis of all clones and inferred translation of the cDNA was performed 
with DNAStar software (DNAStar, Madison, WI). Southern blot hybrid- 
ization was performed by the methods of Southern (1975) and Northern 
blot hybridization was performed by the technique of Sambrook et al. 
(1989). 

Immunocomplex kinase assay and immunoblotting. Bag cell neuron 
clusters were dissected from 70-100 gm animals in high-Mgzf dissecting 
seawater (Eisenstadt et al., 1973). The clusters were pooled in groups of 
three and placed in 1.5 ml Eppendorf tubes containing seawater (ASW; 
460 mM NaCI, 10.4 mM KCI, 11 mM CaCI,, 55 mM MgCl,, and 10 mM 
Tris-HCI, pH 7.8). Bovine insulin (Calbiochem, San Diego, CA) was 
added to a final concentration of 100 nM, and the samples were incubated 

for 10 min at 16°C. The clusters were then homogenized in 400 ~1 of 
buffer (1% Lubrol, 50 mM Tris-HCI, pH 7.4, 10 FM Na-orthovanadate, 30 
mM Na-pyrophosphate, 50 mM NaF, 20 pM ZnCl,, 0.25 mM PMSF, and 10 
pg/ml each of leupeptin, antipain, pepstatin, and aprotinin) in glass-glass 
tissue grinders for 3 min on ice. 

Samples were then centrifuged at 100,000 X g for 30 min. The super- 
natants were collected and transferred to I .5 ml Eppendorf tubes. Tubes 
were incubated at 4°C with rotation for 2 hr after addition of 1 pg of 
anti-insulin receptor p subunit monoclonal antibody (AB-3, Oncogene 
Science, Manhasset, NY). After 20 ~1 protein G-Sepharose beads [50% 
(v/v) in lysis buffer; Pharmacia, Piscataway, NJ] were added and the 
samples were rotated at 4°C for 2 hr, the immunoprecipitates were 
collected by centrifugation at 3000 X g for 1 min and washed twice in 500 
~1 of homogenization buffer, once in 500 ~1 of wash buffer (100 mM NaCI, 
50 mM Tris-HCI, pH 7.4, and 10 pM Na-orthovanadate), and once in 500 
~1 of kinase reaction mix (5 mM MnCI,, 5 mM MgCI,, 10 mM Tris-HCl, pH 
7.4, and 10 WM Na-orthovanadate). Phosphorylation reactions were per- 
formed in 10 ~1 of kinase start mix (kinase reaction mix plus 10 &i of 
[$*P]ATP, 6000 Ciimmol; DuPont NEN, Boston, MA) for 3 min at room 
temperature. The reaction was stopped by adding 100 ~1 of 100 mM NaCI, 
50 mM Tris-HCI, pH 7.4, 50 mM EDTA, and 1 mM ATP. Immunopre- 
cipitates were sedimented, and SDS sample buffer was added after the 
supernatant was aspirated. The samples were boiled and then applied to 
SDS-acrvlamide gels. For the immunocomnlex assay. I?*PlATP 16000 
Ci/mmolj was used. For immunoblotting, t’he SDS ge&ec&ophoresed 
proteins were transferred to nitrocellulose (Bio-Rad, Hercules, CA). 
Nonspecific binding was blocked by incubating the blot in TBSN buffer 
with 3% BSA for 1 hr at room temperature. Blots were incubated with 
anti-phosphotyrosine monoclonai antibody (4G10, UBI) at a dilution of 
1:lOOO for 1 hr at room temperature in TBSN, followed by an alkaline 
phosphatase-conjugated goat anti-mouse secondary antibody at 1:3000 in 
TBSN for 1 hr at room temperature. After three washes of 5 min each in 
TBSN, immunoreactive proteins were visualized with the alkaline 
phosphatase-conjugated secondary antibody. 

Cell culture. Abdominal ganglia were removed from animals and incu- 
bated in 3 ml of filtered ASW containing 1 mg/mI glucose, 500 U/ml 
penicillin and streptomycin, and 13.34 mg/ml dispase (a neutral protease) 
for 18 hr at room temperature. Individual clusters were then gently 
removed from their connective tissue sheaths, and the bag cell neurons 
were dispersed (using an ASW-containing, sterile Pasteur pipette) onto 
poly-L-lysine-coated glass coverslips in 35 mm Corning (Dow Corning, 
Corning, NY) culture dishes containing ASW. Neurons were stored at 
15°C and used in experiments within 2 d (Kaczmarek and Strumwasser, 
1984). 

Electrophysiology. For current-clamp recordings, glass microelectrodes 
were made with a Sutter Instruments P-87 puller (Novato, CA). Elec- 
trodes filled with 3 M KC1 had resistances of 7-12 MR. Neurons bathed 
in normal ASW were impaled, and current-clamp recordings were ob- 
tained with an Axoclamp 2A (Axon Instruments, Foster City, CA) con- 
trolled by a Compaq 386120e host computer. The recordings were allowed 
to stabilize for several min after impalement. The acquisition and analysis 
software was pClamp 5.0 (Axon Instruments). Some recordings were 
made using a WPI S-7100 voltage clamp and saved directly to disk from 
a digital oscilloscope (Nicolet 4e; Nicolet Instruments, Madison, WI). In 
these experiments, action potential amplitudes and durations were mea- 
sured directly from the digital oscilloscope. Trains of action potentials 
were stimulated by the injection of supmthreshold depolarizing current 
pulses (0.125-0.5 nA, four to six 130-150 msec muses. 2 Hz). For all 

L I  

action potential data shown, measurements were taken from the last 
action potential in each train. Measurements of the duration of the action 
potentials were made at two-thirds of the peak amplitude (measured 
from baseline). 

For voltage-clamp recordings, neurons were impaled with microelec- 
trodes similar to those described for current-clamp recordings. To mea- 
sure the voltage-dependent Ca2+ current, isolated bag cell neurons were 
bathed in isosmotic-substituted ASW, in which NaCl and KC1 were 
replaced with 460 mM tetraethylammonium chloride (TEA-Cl) and 10.4 
mM CsCI. Ba*+ currents were recorded by substituting BaCI, for CaCl,. 
Inward currents (Ca*+ or Bazf) can be studied in relative isolation using 
these solutions (Kaczmarek and Strumwasser, 1984). The membrane 
potential was held at -60 mV and then depolarized to test potentials 
between -30 and +30 mV (300 msec pulse, 5 set interpulse interval) in 
5 or 10 mV increments. As described above for current-clamp recordings, 
voltage-clamp data were acquired with either an Axoclamp 2A (discon- 
tinuous single-electrode voltage-clamp mode) or a WPI 7100 series 
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voltage-clamp amplifier. In some experiments, membrane linear leak 
currents were subtracted from current traces on-line using a conventional 
P/4 pulse protocol. Data were digitized, stored, and analyzed as described 
above. Current measurements were made at peak inward current. Kt 
currents were recorded from neurons in either normal ASW or ASW 
containing 10 mM Co*+. 

All curient- and voltage-clamp recordings were performed in culture 
dishes containing 3 ml of ASW or substituted ASW as described. Bovine 
insulin (Collaborative Research, Bedford, MA) was added to dishes by 
pipette in a 30 ~1 volume to produce a final bath concentration of 5 pM. 

In some experiments, 1 mgiml carrier BSA was added to the bath before 
insulin. In control experiments, BSA had no effect on the electrical 
properties of the bag cell neurons. Insulin-induced changes in electro- 
physiological parameters are typically expressed as a percentage of pre- 
exposure control values ? SEM, and the statistical significance of ob- 
served changes was assessed by constructing confidence intervals based 
on Student’s t distribution. Two sample means were compared with 
Student’s t test. 

RESULTS 

Distribution of insulin receptor immunoreactivity in 
Aplysia neurons 
We used anti-peptide antibodies against the extracellular 
hormone-binding pocket of the mammalian insulin receptor to 
survey the Aplysia nervous system immunocytochemically. These 
antibodies have been shown to react with bovine, Xenopus, and 
Drosophila insulin receptors (Petruzelli et al., 1985). Insulin re- 
ceptor immunoreactivity was greatest in the bag cell neurons of 
the abdominal ganglion in which all cells in the cluster appear 
immunoreactive (Fig. 1). Staining of processes was also seen in 
the sheath, neuropil, and fibers along some of the caudal nerves of 
the ganglion. For the most part, this distribution corresponds to 
that of the egg-laying hormone (ELH) of the bag cell (Chiu and 
Strumwasser, 1981). The specificity of this immunoreactivity was 
tested by competition with insulin. The insulin receptor antibody, 
at a concentration of 100 &ml, was incubated with sections of 
Aplysia abdominal ganglia for 15 min and then with 1 PM insulin 
for an additional 10 min before addition of the labeled secondary 
antibody. Incubation with insulin extinguished the staining seen 
with the anti-receptor antibodies (data not shown). Confocal 
microscopy with 1 ,um sections revealed that immunoreactivity is 
present in both cytoplasm and plasma membrane. A similar dis- 
tribution of immunoreactivity occurred in bag cell neurons in 
culture for 1 d in three separate experiments. In contrast to the 
uniform staining of bag cell neurons in the intact nervous system, 
only 25% of the cultured cells appear positive compared with 
nonimmune IgG controls (data not shown). 

Evidence for an insulin receptor in Aplysia neurons 
Using the same antibody for immunoblotting, we detected a 
prominent protein component with an approximate molecular 
weight of 130,000 in extracts of bag cell neurons (Fig. 2A), but not 
in the atria1 gland or pleural-pedal ganglia. The size of the 
immunoreactive component is that expected for an insulin recep- 
tor (Stadtmauer and Rosen, 1983). Longer exposure of the auto- 
radiogram shown in Figure 2A showed modest immunoreactivity 
in plasma membranes of buccal muscle (not shown). Quantitation 
by scanning densitometry of Western blot analysis indicates that 
the receptor is 47 +- 6.3 (n = 3) times more concentrated in bag 
cell neurons than in the muscle membranes. 

We also found high-affinity binding sites for insulin in Aplysia 
neurons. [‘251]porcine insulin, a ligand that binds with high affinity 
to insulin receptors in other animals (Cuatrecasas, 1972), binds to 
Aplysia synaptosomal membranes (Fig. 2@ and to buccal muscle 
membranes (data not shown). In all experiments, specific binding, 

which is saturable, was at least threefold greater than nonspecific 
binding. Scatchard analysis of specific binding showed a linear 
slope, indicating a single class of binding sites with a binding 
constant (&) of 140 -C 12 nM (n = 4) in synaptosomal membranes 
(Fig. 2B, inset) and 70 2 8 nM (n = 4) in buccal muscle mem- 
branes. In the same assays, we found the binding constant for 
human placental plasma membranes to be 7 nM. 

Next, we examined the specificity of insulin binding to buccal 
muscle plasma membranes. By immunoblot analysis, we had 
shown that the receptor is present in buccal muscle. Even though 
the receptor is not as prevalent as in bag cell neurons, we used this 
tissue because muscle is much more abundant. The concentration 
of competitor required to displace half of the porcine insulin 
bound to buccal muscle membranes was determined for several 
peptide hormones by displacement binding. The somatomedin, 
insulin-like growth factor-l (IGF-1) which, in addition to binding 
its own unique receptor, binds to mammalian insulin receptors 
competitively but with a lower affinity than insulin (Schweitzer et 
al., 1980), displaced insulin with an IC,, of 3.3 FM (n = 4). IGF-2 
displaced insulin with an IC,, of 10.6 pM (n = 4), whereas the 
unrelated peptides (vasopressin, oxytocin, and glucagon) all have 
IC,,s of ~100 pM (n = 4). Similar binding studies were not 
performed with membranes from bag cell neurons because of the 
limiting amounts of tissue in these clusters. 

Isolation of cDNA clones encoding an Aplysia 
insulin receptor 
Because there is evidence for insulin receptors in bag cell neurons 
(Figs. 1, 2), we undertook its molecular cloning. The sequence of 
the cloned Aplysia insulin receptor cDNA is shown in Figure 3. To 
isolate cDNAs, we took advantage of the identity between the 
human and the Drosophila insulin receptor kinase domains (Ull- 
rich et al., 1985). Degenerate DNA oligonucleotides were con- 
structed to amplify cDNA encoding an insulin receptor kinase 
domain from bag cell neuron mRNA. The PCR was performed 
using the novel degenerate ramp strategy of Lee and Caskey 
(1990) and resulted in an amplified cDNA containing 510 bp, 
which is 10 bp longer than the cDNA sequence of the human 
receptor. 

A comparison of a portion of the inferred protein sequence 
with other receptor and nonreceptor tyrosine kinases (Hanks et 
al., 1988) shows that the insulin kinase cDNA encodes a protein 
that belongs to the somatomedin family of receptor tyrosine 
kinases (Fig. 4B). In particular, two sequences, Met-Val-Ala 
(MVA) and Met-Thr-Arg (MTR), are characteristic of the human 
placental insulin receptor, the human IGF-1 receptor, and the 
Drosophila insulin receptor kinase domains (Fig. 4B) but are 
found neither in the human epidermal growth factor (EGF) 
receptor kinase domain nor in the kinase domains of the nonre- 
ceptor tyrosine kinases human, c-src, and c-abl. 

To test whether this amplified cDNA contains a single receptor 
kinase domain or a heterogeneous population of tyrosine kinase 
domains, we cut the 510 bp amplified cDNA with the 4 bp 
endonucleases HpaI and AhaII. Because the sizes of the resulting 
fragments resolved by agarose gel electrophoresis add up to the 
uncut 510 bp cDNA (data not shown), we reasoned that this 
amplified cDNA is a single sequence and therefore encodes a 
single insulin receptor kinase domain. We used the 510 bp am- 
plified kinase domain to screen a random-primed, size-selected 
bag cell neuron cDNA library. We isolated four cDNAs contain- 
ing 7.1 kb of overlapping sequence (Fig. 3): 3.7 kb represents an 
open reading frame that begins with an initiating Met codon at 



1648 J. Neurosci., March 1, 1996, 16(5):1645-1658 Jonas et al. l Insulin Receptor in Bag Cell Neurons 

Figure 1. Immunocytochemistry of the abdominal ganglion. The montage of micrographs is from 16 pm sections fixed with paraformaldehyde 
treated M rith affinity-purified insulin receptor o-subunit antibodies. Prominent immunofluorescence is seen in bag cells (b) and fibers extending into 
connecth re tissue sheath (sh) and neuropil (np). Only a small portion of the right bag cell cluster is seen because of the asymmetrical angle of the sect 
Scale bar ., 100 pm. 
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1 the 
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Figure 2. Evidence for an Aplysia insulin receptor. A, Immunoblot analysis of Aplysiu protein extracts. Anti-insulin receptor o-subunit antibodies at a 
concentration of 2.5 pg/ml were used to detect an A4,130,000 protein in a bag cell extract (BC lane). No immunoreactivity was seen in extracts of buccal 
muscle (BM), of abdominal ganglia AG), or of pleural-pedal ganglia (PP) at this exposure of the autoradiogram. In each lane, 7.5 wg of protein was 

L applied. B, Competitive binding of [’ 51]insulin to Aplysiu synaptosomal membranes. [‘251]insulin binds saturably to synaptosomal membranes prepared 
from the total nervous system. In all instances, specific binding was at least threefold greater than nonspecific binding (n = 4). Kd for [‘Z51]porcine insulin 
was determined to be 140 t 12 nM by Scatchard analysis (inset). Error bars are SEM. 

position 105 that is within a Kozak (1987) sequence and ends with 
a stop codon at position 3627. 

A diagram of the structure of the Aplysia insulin receptor is 
shown in Figure 4A. The predicted amino acid sequence of the 
Aplysia insulin receptor cDNA can be aligned with other members 
of the somatomedin receptor family. Four of the five tyrosine 
autophosphorylation sites found in the human kinase domain are 
conserved. The Aplysia receptor includes a signal peptide from 
amino acid residues 1-21 of the a! subunit and a membrane- 
spanning domain from residues 147-162 of the p subunit of the 
receptor (Fig. 4A). A sequence of four Arg residues beginning at 
position 121 presumably is the site of cleavage of the proreceptor 
into mature a! and p subunits. The human receptor is cleaved at 
Arg-Lys-Arg-Arg by a prohormone convertase-like enzyme (Ull- 
rich et al., 1985). Our data suggest, therefore, that the Aplysia 
receptor, like the human and Drosophila insulin receptors, is 
transcribed from a single copy gene and has distinct subunits 
(Rosen, 1987). The a! subunit, transcribed from the 5’ end of the 
gene, is entirely extracellular and binds insulin, whereas the p 
subunit contains an extracellular domain that is connected to the 
(Y subunit by disulfide linkages, a membrane-spanning domain, 
and a tyrosine kinase domain encoded near the C terminus of the 
protein. 

Southern blot analysis, using cDNA probes from both the 

conserved kinase domain and a unique sequence from DNA 
encoding the extracellular a! subunit, indicates that the Aplysia 
insulin receptor (ApZ-IR) is encoded by a single gene. By cutting 
genomic DNA with HindIII, we found that the entire Apl-IR is 
encoded on a fragment of -12 kb (data not shown). Digestion of 
the DNA with EcoRI, an enzyme that cuts the receptor cDNA 
once at position 3123 in the putative kinase domain, produced two 
fragments that were detected when probed at high stringency with 
the 510 bp PCR probe that also contains this EcoRI site. Northern 
blot analysis indicated that the gene encodes a transcript of -9 kb 
(data not shown). 

Bag cell neurons express a functional insulin receptor 
tyrosine kinase 
All receptor tyrosine kinases described to date respond to agonist 
binding by undergoing autophosphorylation on specific tyrosine 
residues in the tyrosine kinase domain of the receptor (Schless- 
inger and Ullrich, 1992). To test whether the insulin receptor 
expressed by the bag cell neurons is autophosphorylated and, 
more critically, to test whether vertebrate insulin triggers this 
reaction, we measured the kinase activity of immunoprecipitated 
receptor and detected phosphotyrosyl groups in the receptor 
using anti-phosphotyrosine antibodies. 

Insulin treatment of bag cell neurons results in increased phos- 
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GAATTCCCCCCCCCCCCCCCCCCCCCCTGTTCCACGGCTGCACCATTATAACCGGAACCGAGCCCCTTACCATCAGCATTAAAGGTGAAAGGGGCGCTCACGTCATGGATGAATTAAAAT 120 

net Asp Gl" Le" Lys 

ATGGCCTGGCTGCCGTCCATAAATICAGTCGTCCCTAATGGTTCAT~TGACCTACGGATTGAAG~CCTTGAAATTCTTTCAATCCCTAACTGAA~TAGCGGCGATCCCGATGGACGCGG 240 

car Gly ~eu Ala ,,,a "a, His Lys lie G,,, Ser Ser Leu Met "al His Le" Thr Tyr Gly Leu Lys Ser Leu Lys Phe Phe Gin Ser Leu Thr Glu Leu Ala Ala Ile Pro Met Asp Ala 

ATAAATATGCTTTGTATGTGCTTGATAATCGCGATCTAGATGAGCTCTGGGGACCCAACCAAACGGTGTTCATTAGGAAGGGCGGCGTCTTCTTTCAT~TCAACCCAAAACTATGTGTGT 360 

Asp Lys ,yr Ala Leu Tyr "0, Leu Asp lisn Aq Asp Le" Asp Glu Le" Trp Gly Pro As" Gin Thr "ol Phe De 4r9 Lys Gly Gly "ai PhePhe HIS Phe As" Pro Lys Le" Cys VaI 

CCACCATTAACCAGTTGCTGCCCATGCTGGCCTCCAAGCCAAAGTTTTTTGAAAAGTCAGATGTGGGCGCAGACTCGAATGGAAACCGCGGATCATGTGGAACAGCCGTTCTCAATGTCA 460 

$er ihr ,,e kg, G," ~eu ku pro Met ~eu Ah Ser Lys Pro Lys PhePhe Glu Lys Ser Asp "d Gly Alo Asp Ser Asn Gly As" A&, Gly Ser Cys Gly Thr Ala "ai Leu As" "01 

CATTACAATCAGTGGGAGCAAACTCCGCTATGCTGAACGTCACGACAAAAGTTGAAATAGGAGAGCCCCAAAAGCCGAGCAATGCTACAATTGTTTTTAAGGATCCGCGCGCCTTCATCG 600 

~hr LW G," Ser "a, Gly Alo As" Ser A,., ,,et Leu As" "0, Thr Thr Lys "01 Glu Ile Gly Gl" Pro Gin L,'s Pm Ser As" Alo Thr Ile "aI Phe L,'s AspPro k9 Alo Phe Ile 

GTTTCGTGTTTTATCATATGATCGATCCGTACGGAACTCAACTAAAAGCAGTGACGATCCATGCGATGATCGCTGGAAAGGTTAGCTCTCCGGAAAAGAGCGGGGTCATGGTATTAAGCA 720 

G,y be "a, phe Tyr H,S Met ,,e AspPro Tyr Gly Thr Gin Leu Lys Ala "al ihr Ile His Alo Met Ile Alo Gly Lys "ai Ser Ser Pro Glu Lys Ser Gly "al "et Vol Le" Ser 

ATTTGATTCCGTA~ACTAACTACTCCTACTACGTTCGGACCATGGCTATATCCTCGGAATTGACAAACGCGGAGAGCGACG~GAAGAACTTTAGGACGAATCCCGGACGACCGTCAAAGG 840 

As" LOU ,,e Pro Tyr Thr As" Tyr Ser ,yr Tyr Vo, Ar9 Thr Met Ala Ile Ser Ser Glu Le" Thr As" Ala Gl" Ser Asp Vol Lys As" Phe Ar9 Thr As" Pro Gly k9 Pro Ser Lys 

TGGTAGCAA~CGCCATTTCAGATTCGAAAATTAACGTAACATGGAGCTACCTAGATAACCTTATGGCGTTAACGCGCTATTTTATAAAAGCCAAACTTATAAATCGGCCTACTCGAAACA 960 

VO, ~a, Aia Thr Ala ,,e Ser Asp Ser Lys Ile As" Val Thr Trp Ser Tyr Le" Asp As" Leu Met Aia Le" Thr Arg Tyr Phe Ile Lys Alo Lys Le" lie As" Arg Pro Thr Ar9 As" 

GAAGGAGAGACGTTGCGCTCGAGCCAGAGCTCGACGACGA~G~AGAGGGCAG~G~ACT~C~ACGCCA~G~GCGC~CCA~CACAGACGA~ACCGA~GCA~~~~~CGAAAAGGACGACGAAAA~A 1080 

kg kg kg Asp "a, Ala Leu Glu Pro Glu Leu Asp Asp Vol Glu Gly Ser Vol Le" Le" Aq His VaI kg Ser Ike Thr &pAspThr Asp Alo PhePhe Glu Lys Asp Asp Glu As" 

CCTATAAAcACGAAGAAGACTTGTCCTCCAACAAACAA~~C~A~GAGG~~~,~GCCAAGGAA,,GCCACCAAA~CAAACACAT~~~G~C~~,GAAAAAAA~AACCGGGA~~AC~G~ACTG 1200 

Thr Tyr Lys Asp Glu Glu Asp Leu SW Ser Am Lys Gl" Phe Tyr Gl" VoI Phe Ala Lys Glu Leu Pro Pm As" Gl" Thr His Phe VaI Phe Glu Lys As" As" kg Asp Tyr Cys Thr 

AACCTCTCGTCAAGGCCATGGAAAA~GACCTGCCAGCCAGCCACAACGCC~ACCAAGAAAA~A~CAGA~CC~~TAGCAGGCGAC~G~AAG~GCG~GGAGGG~~CGAAGAAGAC~AGCAG~CAGG 1320 

Glu Pro Leu Vol Lys Ala "et Glu As" AspLeuPro Ala Thr Thr Pro Thr Lys Lys Ile SW AspPro Leu Alo Gly AspCys Lys Cys Vol Glu Gly SW Lys Lys Thr Ser SW Gin 

AATACGATGATCGTAAAGTTCAAGCGGGCATGGAGTTTGAGAACGCGTTGCAAAACTTTATATTTGTTCCAAACATTCGGAAAAGCAAGAATGGATCGTCTGACAAATCAGACGGAGCGG 1440 

Glu Tyr Asp Asp Arg Lys VoI Gin Alo Gly Met Glu Phe Glu k" Ala Leu Gin Am Phe Ile Phe Vai Pro As" Ile Ar9 Lys Ser Lys As" Gly Ser Ser Asp b‘s Ser Asp Gly Ah 

AAGGTGCAGCTCTCGATTCTAATGCTATTCCAAATGGAGGAGCTACTAACCCTTCACGTAGAAGGAGAGACGTTGCGCTCGAGCCAGAGCTCGACGATGTAGAGGGCAGTGTACTTCTAC 1560 

Glu Gly Ah Ah Leu AspSw As" Ah Ile Pro Asn Gly Gly Aia Thr A% Pro Ser Ar9 Ar9 Aq Ar9 Psp Vd &a Le" Glu Pro Glu Le" Asp Asp "al Gl" Gly Ser Val Le" Leu 

GCCATGTGCGCTCCATCACAGACGATACCGATGCATTTTTCGAAAAGGACGACGAAAATACCTATAAAGACGAAGAAGACTTGTCCTCCAACAAACAATTCTATGAGGTGTTTGCCAAGG 1660 

kg His Vo, Arg SW Ile Thr Asp Asp Thr Asp Ala PhePhe Glu Lys Asp Asp Glu As" Thr Tyr Lys Asp Gl" Glu Asp Leu Ser Ser As" Lys Gl" Phe Tyr Gl" Vol Phe Ala Lys 

AATTGCCACCAAATCAAACACA~,~~G~C~~~GAAAAAC~GCGCCAC~,CACC~ACGC~A~C~~CG~GG~AGCC~G~AGAGAAGAAA~CCCCAGCGAAAAA~~AAGGGACACCAG~~TTA 1800 

Glu LeuProPro As" Gin Thr His Phe Voi Phe Gb Lys Leu Arg His Phe Thr Tyr Ala Ile Phe Val Val Alo CyaAr9 Glu Glu Ile Pro Ser Glu Lys Leu Ar9 Asp% Ser Phe 

AGAAGTCCTCTGCAGCGATTATCCACACCGTTTTCCAAACTACAAGAAGAAGAAGATTTGCCGACATAGTCATGGACCTAAAAGTAGATTTAGAACACGCCAACAACACCGAGTCCCCAG 1920 

Lys Lys Ser Ser Ala Alo Ile Ile His Thr Val Phe Gl" Thr Thr Ar9 Aq kg Ar9 Phe Alo Asp lie Vai "et Asp Leu Lys 'da, Asp Leu Gi" His Ala As" As" Thr Glu Ser Pro 

CTACGTTTTCGCTCGGACGCCACCAGCTAGATCCCAACGGAGAAATTGTCACCTATGAAGTGGCCTACAAGTTGCAAAAACCCGATCAAGTGGAAGAAAAGAAGTGCATTCCGGCTGCTC 2040 

Ah Thr Phe Ser Leu Gly Arg His Gl" Leu Asp Pro As" Gly Glu Ile Val Thr Tyr Glu Vo, Alo Tyr Lys Leu G," Lys Pro Asp Gl" Vai Glu Glu Lys Lys Cys Ile Pro Alo Alo 

GACTTCAACCAGACTGCCGGrTATT~AATAAAGCTCAACGAGGGCCTTTACAGCTrCAGGTGCGAGCCAAlrCAATAGCGGGAlACGGCGATTTCACGGAAGTCGAACATATAAAAGTTG 2160 

Arg La" Gin Pro Asp 0,s Aq Leu Phe As" Lys Alo Gin Arq Gly Pro Leu Gl" Leu Gin Val Ar9 Ala As" Ser Ile Ala Gly Tyr Gly Asp Phe Thr Glu Voi Glu His lie Lys Val 

AGCCTCCGCCGAGCTATGCTAAGGTCTTTTTCTGGCTACTGGGAATCGGCCTAGCGTTCCTGATCGTTTCCCTGTTCGGCTATGTCTGTTACCTGCACAAGAGGAAGGTTCCCTCTAATG 2260 

Glu Pro Pro Pro Ser Tyr Ala Lys Vol PhePhe Trpleu Leu Gly Ile Gly Leu Ala Phe Leu lie Val Ser LeuPhe Gly Tyr Vai Cys Tyr Leu His Lys Aq Lys Vai Pm Serk" 

ACCTCCATATGAACACAGAGGTGAATCCGTTCTATGCGAGCATGCAATACATCCCAGACGATTGGGAGGTGCTGCGAGAGAACATCATTCAGTTGGCTCCACTAGGCCAGGGATCCTTTG 2400 

Asp Le" His Met As" Thr Glu Val Am Pro Phe Tyr Ala Ser Met Gin Tyr Ile Pro Asp Asp Trp Glu Vo, ku Ar9 Glu As" ,,e Ile G," Leu Ala Pro Leu Gly Gl" Gly Ser Phe 

GCATGGTGTATGAGGGTATCCTGAAGTCCTTTCCACCCAATGGCGTGGATCGCGAGTGTGCCATTAAGACTGTCAACGAAAATGCTACGGATCGCGAGCGAACCAATTTCCTGAGCGAGG 2620 

Gly Met Vat Tyr Gl" Gly Ile Le" Lys Ser Phe ho Pro Am Giy Vd Asp Arg Glu Cys Alo ,,e Lys Thr W As" G," As" Ab ThrAspAr9 Glu Aq ihr AmPhe LeuSer Glu 

CGAGCGTCATGAAGGAGTTCGATACGTATCA~~TCG~~~TAAG~~TG~TC~~~~TTT~~~~~AG~GG~~~~CCG~~~~~G~~~~~~A~~~~~~~AA~~~~GA~~~~~GA~~~~~~~~~~T~~~ 2640 

Ah SW Voi Met Lys Glu Phe Asp Thr Tyr HE Val VaI Aq Le" Le" Gly Val Cys Ser 4 Gly Gl" Pro Ala Leu VoI VaI Net Gl" Leu Met Lys Lys Vol Glu Le" Lys Ser Tyr 

TGCGTGCCCATCGTCCGAGGAGCGGGATGAGGCCAGATGACGTA~CATTAATCGCATGGATGACTGGTAATGTGCAGCCTCCTACT~ATGGAAGAATCTACCAGATGGCCGGGGAGATTG 2760 

Ce" Arg Ah Hk Arg Pm kg Ser Gly Met Arg Pro Asp Asp Val Ser Le" Ile Ala Trp "et Thr Gly As" Vol G," Pro Pro Thr Tyr Gly k9 lie Tyr Gin Met Ala Gly Glu Ile 

CGGATGGCATGGCATATTTGGCCGCCACGAAGTTCGTCCATCGTGATCTTGCAGCTCGAAATTGCATGGTTGCTGATGATTTGACGGTGAAAATTGGTGACTTTGGAATGACCCGTGACA 2680 

Ala Asp Gly Met Ah Tyr Le" Ala Ala Thr L,'s Phe Vol His Aq Asp Leu Ala Ala Aq As" Cys Met Va, Ala Asp Asp Leu Thr Vai Lys ,,e Gly AspPhe Gly Met Thr Arg Asp 

TCTATGAGACGGATTACTATCGGAAGGGCACAAAAGGCCTGCTGCCAGTTCGCTGGATGCCACCGGAGAGC~TGCGAGA~GGTGTCTACTC~AGTGCCAGTGATGTATTCAGCTTTGGAG 3000 

118 Tyr Glu Thr Asp Tyr Tyr Aq Lys Gly Thr Lys Gly Leu LeuPro Vol Aq TrpMet Pm Pro Glu Ser Leu Aq Asp Gly Va, Tyr Ser Ser Alo Ser Asp Val PheSer Phe Gly 

TGGTTCTCTGGGAAATGGCCACCTTAGCGGCTCAGCCATACCAGGGACTTTCCAACGAGCAAGTCCTGCGTTACGTCA~CGATGGCGGTGTTATGGAGAGGCCGGAAAATTGTCCTGA~T 3120 

Val Val Leu Trp Glu Met Ala Thr Leu Ala Alo Gl" Pro Tyr Gin Gly Leu Ser As" Glu Gl" Val Leu Ar9 Tyr Vo, Ile Asp Gly Gly Val Met Giu Arg Pro Glu Am Cys Pro Asp 

TTCTGCATAAACTAATGCAAAGGTGCTGGCATCAlAGGTCTTCGGCGAGACCCAGTTTTCTGGATATCATTGCGTATCTCGAACCACAATGCCCCAATTCACAATTTAAGGAAG~ATCCT 3240 

P+,e Leu His Lys Leu Met Gl" Ar9 Cys Trp His His Ar9 Ser Ser Alo kg Pro Ser Phe Leu Asp ,,e ,,e Alo Tyr Leu Glu Pro G," Cys Pro As" Ser Gin Phe Lys Glu Val Ser 

TCTATCACTCAGAGGCAGGTCTGCAGCATCGGGAAAAGGAGCGCAAGGAACGCCATCAGCTAGATGCATTCGCGG~AGTCCCCTTGGATCAAGATCTGCAGGATCGGGAACAGCAGGAGG 3360 

Phe Tyr His Ser Glu Alo Gly Le" Gin His Ar9 Gl" Lys Glu Aq Lys Gl" k9 HIS Gin Leu Asp Ala Phe Ala Ala ',a, Pm Leu Asp G," Asp Leu G," Asp Ar9 Gl" G," Gl" GQ 

ATGCTAGCACACCTTTACGAATGGGGCGATTATCAGCAGAACTCCTCGTTGGATCAACCGCCCGAAAGCCCCATCGCCATGGTTGATGATCAGGGTTCTCACTTGCCATTTAGCCTGCCAT 3460 

Asp Ala Ser Thr Pro Le"k9 "et Gly Asp Tyr Gl" Gl" AsnSer Ser Le" Asp Gin Pro Pro G," Ser Pro ,,e Alo Net Vd Asp Asp G," Gly SW His Le" Pro PheSer LeuPro 

CCGGATTCATTGCGAGCAGTACTCCCTGATGGGCAGACTGTAATGGCTACTGCTTTCCAGAA~ATTCCAGCAGCG~AAGGTGATATTTCGGCGACTTACG~TGTGCCTGATGCAGACGCT 3600 

SW Gly Phe Ile Ah SW SW Thr Pro 

AGAAAGGGTCGCAAGCCTA 3739 

Figure 3. cDNA and protein sequence of theilplysiu bag cell neuron insulin receptor. The nucleotide sequence of the strand corresponding to the mRNA 
is shown. Numbers above the cDNA sequence refer to the position of the nucleotide in reference to the start site of translation. The complete open reading 
frame begins with the initiation Met codon at position 105 and ends with the stop codon at position 3627. The Genbank accession number for Apl-IR 
is U31747. 
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phorylation of the /3 subunit of the bag cell neuron insulin recep- 
tor. As shown in Figure 5A, when immunoprecipitates of the 95 
kDa /3 subunit of the receptor from bag cell neurons were incu- 
bated with [q2P]ATP, autophosphorylation also could be de- 
tected (lane 2). Incubation of the clusters of bag cell neurons with 
bovine insulin (100 nM) for 10 min before homogenization, how- 
ever, resulted in a 4.2-fold increase in incorporation of labeled 
phosphate into the protein (n = 4; lane 1). Pretreatment of the 
cells with 390 nM herbimycin A, a selective tyrosine kinase inhib- 
itor (Uehara et al., 1986), for 1 hr before adding insulin to the 
cells blocked the increase in phosphate incorporation (n = 4; 
lanes 3 and 4). Addition of herbimycin A to immunoprecipitates 
(after immunoprecipitation of the receptor but before the addi- 
tion of [$“P]ATP) decreased but did not block, the insulin 
response (lanes 5 and 6). 

The data shown in Figure SB confirm that the insulin- 
dependent autophosphorylation of the receptor is on tyrosine 
residues. In this experiment, the immunoprecipitates from an 
immunocomplex assay performed in the presence of unlabeled 
ATP were transferred to a nitrocellulose filter and probed with an 
anti-phosphotyrosine antibody. Insulin caused the phosphoty- 
rosinc content of the receptor to increase. As with the kinase 
assay, preincubation of cells with herbimycin A inhibited the 
increase in phosphotyrosine content; it also inhibited insulin- 
stimulated phosphorylation on tyrosine residues to a lesser degree 
when added after immunoprecipitation but before the kinase 
reaction. 

Insulin changes the shape of action potentials 
To determine whether exposure to insulin affects the electrical 
properties of bag cell neurons, we tested the acute actions of the 
peptide on individual, isolated neurons (n = 8) maintained in cell 
culture (Kaczmarek and Strumwasser, 1981) and also compared 
populations of acutely treated and untreated cultured cells (n = 
27). In individual cells, concentrations of insulin of 100 nM, 1 PM, 

Figure 4. Functional domains of the 
Aplysiu bag cell neuron insulin receptor 
and relationship of the A&G bag cell 
neuron insulin receptor kinase domain 
to the somatomedin receptor family ki- 
nases. A, The complete cDNA encodes 
both the 01 and p subunits. At the N 
terminus, a possible signal peptide (SP) 
directs the protein through the plasma 
membrane. The Cys-rich domain (Cys) 
is believed to bind insulin (Ullrich et al., 
1985). The tetra-Arg site (RRRR) is a 
possible cleavage site between the ex- 
tracellular 01 subunit and the transmem- 
brane p subunit. A 15-amino-acid hy- 
drophobic domain follows this putative 
cleavage site and is likely to be the 
transmembrane-spanning domain (Tm). 
A 187-amino-acid kinase domain (shad- 
ed) near the C terminus is 88% identical 
to the Drosophila kinase domain and 
73% identical to the human kinase do- 
main. B, Sequence analysis of the de- 
generate PCR-amplified Aplysiu bag cell 
neuron kinase domain reveals that it 
shares amino acid residues WA and 
MTR found only in the cloned somato- 
medin receptor family of kinases but 
not in the kinase domains of other re- 
ceptor and nonreceptor tyrosine 
kinases. 

and 5 PM caused an increase in the height of action potentials, but 
10 nM insulin was without effect (data not shown). In all of the 
data presented, the 5 PM concentration was used. The typical 
shape of action potentials evoked by a single depolarizing current 
pulse is shown in Figure 6A for an isolated bag cell neuron in the 
presence and absence of insulin. At the onset of the current 
injection, the neuron begins to depolarize toward action potential 
threshold. The rapid rising phase of the action potential occurs 
after a characteristic latency and the membrane potential then 
repolarizes before the end of the 150 msec stimulus. After insulin 
was added, the latency was reduced from the onset of the pulse to 
the upstroke of the action potential. The amplitude of action 
potentials was also increased. These changes occurred with no 
change in the resting potential of the cells (control resting poten- 
tial, -47 t 3 mV; after insulin, -45 t 4 mV; n = 8). 

Typically, the effect of insulin was evident within 15-30 min of 
application. The time course of the increase in action potential 
amplitude induced by insulin is shown in Figure 7A, and the 
combined data for eight cells are shown in Figure 7B. The heights 
of action potentials evoked by current pulses in different bag cell 
neurons can vary from 35 to 70 mV. The heights of action 
potentials have therefore been normalized to the mean control 
value measured in the same cells during the 15 min period before 
insulin treatment (labeled 100 at time 0 in the graph). After 1 hr 
of exposure to insulin, the mean action potential amplitude in- 
creased significantly in all eight cells (from 49.7 5 4.8 to 57.04 t 
4.61 mV,p < 0.02; n = 8). Neurons treated with vehicle (n = 13) 
showed no increase in height of action potential. On the contrary, 
the spike amplitude gradually declined during the same time 
period (from 62.01 ? 5.75 to 51.70 i 5.67 mV, p < 0.001). 
Moreover, the insulin-related peptide IGF-1 (1 &ml; IZ = 4) also 
produced no significant change in the shape of action potentials 
(Fig. 6D; control height, 65.6 t 7.01 mV; after IGF-1, 64.7 ? 7.4; 
p -c 0.56). 



1652 J. Neurosci., March 1, 1996, 76(5):1645-1658 Jonas et al. l Insulin Receptor in Bag Cell Neurons 

A None Herbimycin A B None Herbimycin A 
M)min kinase 

iv, 
-60 min kinase 

+-+ -+- +- + - + - Insulin 100 r$vI 

2OOK -- 10 min 

99 --I IRP l 

Immunocomplex kinase 

Anti IR-P 

Western 

Anti P-Y 

Figure 5. Insulin-sensitive tyrosine kinase activity in bag cell neurons. For these experiments, bag cell clusters (3flane) were exposed to insulin in resting 
ASW (+) or resting ASW alone (-). In each set of experiments, some clusters were treated with herbimycin A for 60 min before cell lysis (-60 min) 
or with herbimycin A during the kinase reaction (/&use). In parallel, control clusters were not exposed to the tyrosine kinase inhibitor (None). A, 
Immunocomplex kinase assay of bag cell neurons. The insulin receptor tyrosine kinase was immunoprecipitated using a monoclonal antibody raised 
against the vertebrate insulin receptor p subunit. The immunoprecipitate was then subjected to an in vitro receptor autokinase assay. This assay was 
performed by adding [“/-32P]ATP to the immunoprecipitated receptor (now coupled to protein A-Sepharose beads) suspended in kinase buffer (see 
Materials and Methods). After the kinase reaction, the autophosphorylated receptor was released from the beads by boiling in SDS-PAGE sample buffer 
and electrophoresed. The gel was fixed, autoradiographed, and photographed. The bag cell insulin receptor-autophosphorylated p subunit migrates at 
-95 kDa. The migration distances of protein standards are indicated at the left side of the gel. B, A Western blot of a parallel immunocomplex assay. In 
this experiment, the immunoprecipitates were separated by SDS-PAGE after the kinase reaction with unlabeled ATP, transferred to a nitrocellulose filter, 
and then reacted with an anti-phosphotyrosine monoclonal antibody followed by alkaline phosphatase-conjugated anti-mouse IgG. The results are 
representative of four experiments. The -50 kDa bands seen in both A and B are IgG heavy chains from the primary antibody brought down in the 
immunoprecipitation and phosphorylated in the kinase reaction. 

In several cells, insulin produced additional changes in the 
voltage response of bag cell neurons to current pulses. In four 
neurons, the excitability of the cells was increased to the point that 
the 150 msec constant current pulses, which had been adjusted to 
trigger only a single spike before the application of insulin, evoked 
extra action potentials after insulin (see Fig. 6A). In two cells, 
insulin treatment induced a hump that arose out of the falling 
phase of the action potentials (Fig. 6&C). Insulin treatment also 
typically decreased the duration of action potentials (see Fig. 6A). 
Measurements of width were made at a voltage corresponding to 
66% of the height of the action potential. The mean time course 
for the decrease in action potential duration for seven neurons is 
shown in Figure 7C. (Measurements could not be made in one cell 
because of the emergence of a hump that occurred at a potential 
positive to 66% of spike height.) At 1 hr of insulin treatment, the 

duration was reduced significantly to 78 + 7.7% of the mean 
control value (p < 0.02). 

We performed additional experiments in which we sampled the 
amplitudes of action potentials in a population of bag cell neurons 
treated acutely with insulin and in a control population of cells 
dissociated from the same bag cell clusters. The mean action 
potential height of the insulin-treated neurons was 80.6 t 1.8 mV 
(n = 27) which is significantly different from the corresponding 
value of 69.5 + 3.1 mV (n = 22) in the control neurons from the 
same cluster (p < 0.003). 

Insulin increases voltage-dependent Ca2+ current 
The voltage-dependent Cazt current underlies the rising and 
plateau phases of action potentials of bag cell neurons in primary 
culture (Kaczmarek and Strumwasser, 1984). We therefore exam- 
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Figure 6. Insulin alters the shape of the bag cell neuron action potential. A, The action potentials shown were evoked by a depolarizing current pulse 
(0.25 nA, 150 msec) before and 30 min after bath application of 5 pM insulin. B, Action potentials (evoked by 0.25 nA depolarizing current pulse) recorded 
from another cell before and 50 min after the addition of 5 pM insulin. C, Insulin sometimes caused the appearance of a hump on the falling phase of 
the action potential. This recording is from the same cell as the recording in B. D, Superimposed action potentials evoked by a depolarizing current pulse 
before and 35 min after bath application of IGF-1 (1 &ml). 

ined the effect of insulin on inward currents in these cells. Inward 
divalent currents were isolated by replacing NaCl with 460 mM 
TEA-Cl and KC1 with 10.4 mM CsCl in ASW. In most experi- 
ments, we used Bazt . ions as the charge carrier, replacing CaCl, 
with 10.4 mM BaCl,. 

Application of insulin produced an increase in both the peak 
and the sustained components of the Ba2+ current (Fig. S4). Ba2+ 
currents were measured in isolated bag cell neurons during step 
depolarizations from a holding potential of -60 to -10 mV. 
Currents are shown before and 30 min after the application of 5 
PM insulin. Treatment with insulin produced a significant increase 
in peak Ba2+ current (18 5 7%) above the mean control current 
amplitude in 14 cells (p < 0.04). The increase in current occurred 
>20-40 min after treatment with insulin. The time course of the 
effect on Ba2+ current obtained in four insulin-treated cells and 
three control cells in which Ba2+ currents were measured at 5 min 
intervals during 50 min of stable recording is illustrated in Figure 
SB. Ba2+ currents run down slowly in untreated cells but increase 
in insulin-treated neurons during the same time period. Record- 

ings were also made in five more cells in which Ca2+ ions were 
used as the charge carrier. Both the percent increase in the 
amplitude of the currents after treatment and the time course of 
the effect of insulin were similar to those seen in the experiments 
with Ba2+. Insulin increased the mean inward Ca2+ current by 15 
2 4% (p < 0.01; n = 5). 

Because the amplitude of Bazf currents decreases in control 
cells during 1 hr or more of recording, we also compared the 
amplitude of currents in populations of neurons from the same 
bag cell clusters. We found that neurons treated with insulin for 90 
min had significantly larger Ba2+ currents than control untreated 
cells from the same cluster (Fig. SC,D;p < 0.001, n = 4). Because 
activation of the insulin receptor protein kinase is inhibited by 
herbimycin A, we also tested the effects of this tyrosine kinase 
inhibitor on the enhancement of Ba2+ currents by insulin. Herbi- 
mycin A (1.7 PM) alone had no effect on the amplitude of Ba2+ 
currents (p < 0.3, IZ = 4) but abolished the increase in response 
to insulin (Fig. 8C,D). 

Ca2+ currents in bag cell neurons are known to be enhanced by 
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Figure 7. Insulin increases action potential amplitude and decreases 
action potential duration. A, The time course of the effect on action 
potential height in one bag cell neuron. Insulin was added just before t = 
0 (arrow). B, The mean action potential heights are plotted for eight 
neurons that were measured every 15 min over the course of 1 hr. Results 
are normalized to the mean values before adding insulin (before t = 0). 
Neurons used in the analysis had similar morphologies and resting mem- 
brane potentials. C, Mean time course of the decrease in duration (ex- 
pressed as percent of mean control) of action potentials from seven 
neurons. The results were obtained before (t = 0) and at the indicated 
times after adding insulin. 

activators of protein kinase C, and this enhancement can be 
blocked by preincubation with the Ser/Thr protein kinase inhibi- 
tor H7 (Conn et al., 1989). Previous work on bag cell neurons has 
shown that H7 alone is without effect on Bazt currents in un- 
treated cells (Conn et al., 1989), and this finding was confirmed in 
the present study using isolated cells prepared from the same 
cluster (control peak Ba2+ current, 2.48 -C 0.56 nA; current in H7, 
2.80 5 0.94; p < 0.77; n = 4). When cells that had been treated 
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with insulin were compared with cells treated with insulin in the 
presence of 100 pM H7, however, H7 was found to produce a 38% 
decrease in the insulin-enhanced Ba2+ currents (p < 0.01, II = 6; 
data not shown). 

Insulin increases a component of K+ current 
One of the effects of insulin on the action potentials of bag cell 
neurons is to decrease their width. Because Kt currents play an 
important role in the repolarization of action potentials, we tested 
the effect of insulin on outward currents recorded in ASW. In the 
cell shown in Figure 9A, insulin produced an increase in the 
amplitude of delayed outward currents evoked by stepping the 
membrane potential from -40 mV to potentials between -30 and 
+30 mV. The currents were increased at all potentials, and the 
tail currents recorded at the end of the depolarization were also 
enhanced. The combined data from 19 neurons show that insulin 
produced a mean increase in delayed outward current of 17.4 -t 
5.3% (p < 0.005; Fig. 90). This increase in outward current began 
lo-40 min after adding insulin. In contrast, the transient A-type 
K+ currents, evoked by stepping the membrane potential to -40 
mV from more negative potentials, were not affected by insulin 
treatment (Fig. 9B,D; peak outward current on stepping from 
-100 to -40 mV before insulin: 1.94 5 0.33 nA; after insulin: 1.97 
t 0.31 nA). 

Previous work has shown that the outward current in isolated 
bag cell neurons, recorded in Ca’+-containing ASW and evoked 
by depolarizations from holding potentials of -40 mV, consists of 
a Ca’+-activated Kt current and two components of voltage- 
dependent K+ current (Kaczmarek and Strumwasser, 1984; 
Strong and Kaczmarek, 1986; Quattrocki et al., 1994). Because 
insulin increases Ca2+ currents, an increase in outward current 
could be secondary to increased Cazt entry, reflecting enhanced 
activation of a Ca’+-activated K+ current. To determine whether 
insulin has an effect on the voltage-dependent Kf currents, we 
tested its effect on four neurons in the presence of 10 mM CoCl,, 
which eliminates the voltage-gated Ca2+ current in molluscan 
neurons (Kaczmarek and Strumwasser, 1984; Byerly and Hagi- 
wara, 1988). Under these conditions, insulin increased the delayed 
K+ current in all of the cells (mean increase, 32 + 8%,p < 0.02; 
Fig. 9D) as well as the amplitude of the outward tail currents (Fig. 
SC). These experiments suggest that the enhancement of voltage- 
dependent K+ currents by insulin does not depend on the entry 
of Ca’+. 

DISCUSSION 
We have found that insulin receptors are highly expressed in the 
bag cell neurons of Aplysiu. The binding of insulin to these 
receptors results in the autophosphorylation of the p subunit on 
tyrosine residues and produces an increase in the amplitude of 
voltage-dependent Cazt and Kt currents, leading to increased 
excitability of these cells. Neuronal processes surrounding the 
clusters of bag cell neurons are immunopositive for insulin-like 
peptides. These processes possibly originate from cells in the 
cerebral ganglia, which have been shown to contain an insulin-like 
activity (Stadtmauer et al., 1994). The actions of insulin on the bag 
cell neurons suggest that insulin may have a previously unde- 
scribed role as a neuromodulator or neurotransmitter. Because 
bag cell neurons function to initiate egg laying, it is possible that 
insulin regulates the triggering of egg laying and its associated 
behaviors. 
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Figure 8. Insulin increases voltage-dependent inward current. A, Ba’+ currents evoked by a depolarizing step from -60 to - 10 mV recorded from a bag 
cell neuron before (Control) and 30 min after the addition of 5 pM Insulin. B, Plot of the mean amplitude of Ba’+ currents measured at 5 min intervals 
from four cells treated with Insulin and from three Control cells. The amplitude of the currents has been normalized to the mean pretreatment value for 
each cell (t = 0). Error bars indicate SEM. C, Ba*+ currents in response to a series of 500 msec depolarizing voltage steps to potentials between -30 and 
+25 mV in 5 mV increments. Holding potential was -60 mV. Traces from three different cells from the same bag cell cluster are shown: an untreated 
bag cell neuron (Control); a cell treated with 5 pM insulin for 90 min (Insulin); and a cell treated with insulin for 90 min in the presence of 1.7 WM 

herbimycin A (Insulin + Herb-A). D, The histogram shows the mean peak Ba*+ current + SEM for four groups of cells from the same cluster: Control, 
Znsulin alone, herbimycin A alone (Herb-A), and herbimycin A with insulin (Insulin + Herb-A). 

The Aplysia insulin receptor 
Comparison of the deduced amino acid sequence of the cDNA 
clone A$-IR with other tyrosine kinases reveals domains charac- 
teristic of the somatomedin receptor family (Hanks et al., 1988). 
The Aplysia cy subunit sequence contains a Cys-rich domain 
present in all other insulin-like receptors, which is believed to be 
the insulin binding site (Rosen, 1987). Conservation of the total 
extracellular insulin-binding (Y domain sequence is poor, but this is 
to be expected for the (Y subunit across phylogeny. Binding and 

functional studies suggest that Apl-IR functions as a receptor. 
Immunocytochemistry in bag cell neurons using the human anti- 
peptide insulin-binding antibody shows strong immunoreactivity 
both in intact isolated abdominal ganglia and in dissociated neu- 
rons in culture. As reported for some other cells (Joose et al., 
1993) staining is not localized solely to the plasma membrane but 
is also present in cytoplasm, possibly as a result of internalization 
of plasma membrane receptors. The Apl-IR is most abundant in 
bag cell neurons, a group of cells that function to initiate egg 
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Figure 9. Insulin increases delayed K+ current. A, Insulin-induced increase in Kt current of a single bag cell neuron recorded in normal ASW. Currents 
were evoked by voltage steps from -40 mV to test potentials between -30 and +30 mV in 10 mV increments and were recorded before (Control) and 
30 min after Insulin treatment. The typical increase in the inward current in response to insulin can also be seen in these traces before the onset of the 
delayed outward currents. B, Lack of effect of insulin on A-current. A series of traces was obtained by holding at -40 mV and then giving a series of 
hyperpolarizing pulses from - 100 to -50 mV. The two sets of traces were obtained before and 20 min after insulin treatment. C, Insulin increases delayed 
Kt current in the presence of external Co2+: superimposed currents before and after application of insulin in normal ASW (top traces); superimposed 
currents before and after application of insulin in ASW containing 10 mM CoCl, (bottom truces). Currents were evoked by voltage steps from -40 to 0 
mV. D, Histograms of mean control currents and currents after administration of 5 pM insulin. Data are shown for the A-current, measured by stepping 
the potential from -100 to -40 mV (see B; it = 9). For the total delayed Kf current (I&, ) and for the delayed Kt current in the presence of Co2+ 

), membrane potential was stepped from -40 to +30 mV (see A and C, IZ = 19 for ZK(tot); n = 4 for ZK(c02+j). NS, Not significant; *p < 0.02, 

laying and its accompanying reproductive behaviors (Scheller et 
al., 1983; Conn and Kaczmarek, 1989). By using sensitive PCR, we 
found that this insulin-like receptor transcript is also present in 
cells elsewhere in the nervous system, including large neurons in 
the abdominal ganglion (D. H. Solomon and J. H. Schwartz, 
unpublished observations). 

We used vertebrate insulin to stimulate the kinase activity of 
the bag cell neuron insulin receptor. In common with the mam- 
malian receptor, insulin binding appears to result in the autophos- 
phorylation of the p subunit of the receptor on tyrosine residues 
and this phosphorylation is inhibited by the tyrosine kinase inhib- 
itor herbimycin A. As with the Drosophila receptor (Garofalo and 
Rosen, 1988), we found that higher concentrations of the heter- 
ologous ligand are needed than for a vertebrate receptor. The 
requirement for a higher concentration suggests that mammalian 
insulin is a poor homolog of the endogenous molluscan peptides. 
It is not surprising that the binding constant of [1251]porcine 
insulin to Aplysia tissue; is about an order of magnitude greater 
than for placental membranes; Petruzelli et al. (1985) also found 
that [‘251]porcine insulin binds to Drosophila membranes with a 
Kd of 120 nM. 

Mechanisms of ion channel modulation in the bag 
cell neurons 
Exposure of isolated bag cell neurons to bovine insulin produces 
an increase in the amplitude of action potentials. This increase is 
accompanied by an enhancement of voltage-dependent Ca2’ and 
K+ currents that occurs over 15-30 min. This time course suggests 
that insulin acts as a neuromodulator or neurotransmitter rather 
than as a trophic factor. Effects of growth factors on ion currents 
in neuroendocrine cells have been described previously, but these 
effects typically occur over several days and are believed to involve 
regulation of expression of the ion channels in the cell membrane 
(Garber et al., 1989). 

The effects of insulin on Ca2’ current are blocked by pretreat- 
ment of the cells with herbimycin A, an agent that prevents 
autophosphorylation of the bag cell insulin receptor on tyrosine 
residues. Activation of the insulin receptor may be followed by the 
recruitment of other second messenger pathways. For example, 
changes in the activity of the CAMP-dependent protein kinase and 
of protein kinase C are known to affect bag cell neuron K+ and 
Cazt currents, respectively (DeRiemer et al., 1985; Strong et al., 
1987; Knox and Kaczmarek, 1992; Loechner and Kaczmarek, 
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1994). Exposure to insulin results in the activation of protein 
kinase C in bag cell neurons (W. S. Sossin, C.-S. Chen, and Alex 
Toker, unpublished data), and our results suggest that the effects 
of insulin on Cazt currents can be blocked by H7, an inhibitor of 
protein kinase C in bag cell neurons (Conn et al., 1989). Thus, it 
is possible that the enhancement of Cazt current by insulin results 
from the recruitment of the protein kinase C regulated Ca2+ 
channels that have been described in these cells (Strong et al., 
1987), although this hypothesis has yet to be tested directly. 

Other signal transduction pathways linking growth factor recep- 
tors to ion channel functions also exist (Palovcik et al., 1984; 
Sakaguchi and Bray, 1987; Shapiro et al., 1991; Selinfreund and 
Blair, 1994). Regulation of K+ channels by EGF, acting through 
both inositol trisphosphate and protein kinase C, has been re- 
ported for cloned ion channels expressed in Xenopus oocytes 
(Timpe and Fantl, 1994). EGF may also stimulate phospholipase 
A2 activation with resultant modulation of Ca2+ channels (Pep- 
pelenbosch et al., 1992). In addition, it is not yet known whether 
pathways such as the mitogen-activated protein kinase cascade 
(Boulton et al., 1991) are able to modulate excitability. One 
indirect pathway of insulin action that has been studied in Aplysiu 

(Shapiro et al., 1991) and in liver, adipocytes, and erythroleuke- 
mic cells (Misek and Saltiel, 1992, 1994; Lazar et al., 1994) is the 
formation of inositol phosphate glycan (IPG). When injected into 
Aplysia L14 neurons, IPG mimics application of insulin. 

Aplysia insulin-like peptides 
The source of the endogenous insulin-like peptide that normally 
acts on the bag cell neurons has not yet been determined. Two 
possibilities exist. Insulin-like peptides may act as hormones re- 
leased from a glandular source or may act as neuropeptides 
released directly onto bag cell neurons from presynaptic nerve 
terminals. In Lyrnnaea, there are four gene families encoding 
insulin-like peptides, MIP I, II, III, and V (Smit et al., 1988, 1991; 
Meester et al., 1992). In situ hybridization in Lytnnaea shows that 
the MIP I family is expressed only in specific cells of the cerebral 
ganglion that regulate reproduction (Smit et al., 1988), whereas 
the MIP II and MIP III families are expressed in other cells in the 
nervous system. Because the Aplysiu bag cell neuron insulin re- 
ceptor is encoded by a single gene, if there are multiple insulin- 
like peptides in Aplysia, they may bind to the receptor with 
different affinities and may be released from distinct sites, acting 
either as hormones or as peptide transmitters. 

In addition to its actions on the bag cell neurons, insulin has 
actions on other identified Aplysiu neurons. Shapiro et al. (1991) 
showed that vertebrate insulin hyperpolarizes L14 cells-motor 
neurons for inking. Because both L14 and bag cell neurons are 
involved in complex behaviors, endogenous insulin-like peptides 
may integrate these behaviors. Insulin suppresses the firing of L14 
cells, making it more difficult for the animal to ink. If insulin 
secretion rises after feeding, as in vertebrates (see Schwartz et al., 
1992), this would serve to suppress inking during feeding, a 
discordant behavior. Through their actions on bag cell neurons, 
insulin-like peptides may regulate egg laying (Conn and Kacz- 
marek, 1989) and may contribute to the initiation of mating 
behavior after feeding (Ziv et al., 1989). 
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