
tion of the protein in the cell would have the 
same functional result as SV40 large T 
antigen, adenovirus E1B 55-kD protein, or 
a mutated form of the p53 protein in elim- 
inating wild-type p53 and thus preventing it 
from its function as a regulator of cell 
growth. 
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EGF Receptor and erbB-2 Tyrosine Kinase Domains 
Confer Cell Specificity for Mitogenic Signaling 

The epidermal growth factor (EGF) receptor (EGFR) can efficiently couple with 
mitogenic signaling pathways when it is transfected into interleukin-3 (IL-3)- 
dependent 32D hematopoietic cells. When expression vectors for erbB-2, which is 
structurally related to EGFR, or its truncated counterpart, ANerbB-2, were introduced 
into 32D cells, neither was capable of inducing proliferation. This was despite 
overexpression and constitutive tyrosine kinase activity of their products at levels 
associated with potent transformation offibroblast target cells. Thus, EGFR and erbB- 
2 couple with distinct mitogenic signaling pathways. The region responsible for the 
specscity of intracellular signal transduction was localized to a 270-amino acid 
stretch encompassing their respective tyrosine kinase domains. Thus, tissue- or cell- 
specific regulation of growth factor receptor signaling can occur at a point &er the 
initial interaction of growth factor with receptor. Such specscity in signal transduc- 
tion may account for the selection of certain oncogenes in some malignancies. 

T HE INTERACTION OF G R O W H  FAC- 

tors with specific membrane recep- 
tors triggers a series of intracellular 

events that are of critical importance in the 
regulation of normal cell proliferation. Sub- 
version of these mitogen-responsive path- 
ways plays a determinant role in the neoplas- 
tic process (1). Little is known about the 
nature of such signaling pathways and the 
specificity of receptor-pathway coupling. 
The cDNA of a foreign receptor introduced 
into a nalve cell can confer responsiveness to 
its ligand, indicating that regulation of cell 
proliferation involves growth factor recep- 
tor expression and ligand availability (2, 3). 
Intracellular specificity in signaling path- 
ways may also exist as indicated by findings 
that different subsets of cellular proteins are 
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phosphorylated in response to various 
growth factors (4). 

EGFR and erbB-2 genes differ in their 
efficiency of transformation for NIH 3T3 
fibroblasts, suggesting that they may couple 
with different efficiency to one or more 
intracellular signal transduction pathways 
(5, 6). We initially sought to compare mito- 
genic signaling by these two genes in the 
hematopoietic line 32D, which lacks either 
receptor and is normally dependent on inter- 
leukin-3 (IL-3) for proliferation (7). For 
this purpose the eukaryotic expression vec- 
tors, LTR-EGFR (6) and LTR-erbB-2 (5), 
were transfected into 32D cells by electro- 
poration (8). These vectors contained the 
transcriptional initiation sequences of the 
Moloney murine leukemia virus (M-MuLV) 
long terminal repeat, along with the Ecogpt 
selectable marker (9) ,  which confers resist- 
ance to mycophenolic acid (9).  After trans- 
fection and marker selection, viable cell lines 
designated 32D-EGFR and 32D-erbB-2 
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Fig. 1. Comparison of protein and tyrosine phos- A 1 2 3 4 5 6  
phorylation levels of EGFR and erbB-2 expressed 
in NIH 3T3 (lanes 1 and 3) or 32D (lanes 2 and 4 .I 

to 6) transf&ants. NIH 3 ' ~ 3  and 3 2 ~  cells were - 200 
transfmed with the LTR-EGFR (lanes 1 and 2), 
LTR-erbB-2 (lanes 3 and 5), LTR-ANerbB-2 ), + ~ 1 7 0  
(lanes 4), and LTR-erbB-2Glu (lanes 6) expres- - 97 - 97 
sion vectors by electroporation (8) or by the W p88-96 
calcium phosphate precipitation method (9, re- 
spectively, as described (2, 5). Cells were then - 68 - 68 

selected by their ability to grow in medium 
supplemented with mycophenolic acid (9) and Anti-erbB-2 

stable transfected cell lines were established. (A) 
Total cell lysates (50 pg) from NIH 3T3 or 32D 
cell lines were fractionated by SDS-polyacrylam- B 1 2 
ide gel electrophoresis (SDS-PAGE) and trans- nn 
ferred to nitrocellulose filters. Detection was per- - +  - + - - - -  EGF 
formed with either the E7 (anti-EGFR) (28) or 
the M6 (anti-erbB-2) (28) anti-peptide antibodies 
coupled to '2'I-labeled protein A, as described d - 200 
(5). (B) Total cell lysates (50 pg) from NIH 3T3 
or 32D cell lines were fractionated by SDS-PAGE 
and transferred to nitrocellulose. Detection of -, - 9 7  
phosphotyrosine-contain'mg proteins was per- - 

- 0 -  .4  formed with an affinity-purified antibod to hos- Y P  photyrosine (anti-P-Tyr) coupled to ' 'I-labeled 
protein A (5). Specificity of irnmunodetection for Anti- P-Tyr 
the E7 and M6 antibodies was controlled by 
performing parallel staining of identical blots with antibodies absorbed with the specific peptides (2 
mglml). In the case of the anti-P-Tyr, specificity was controlled by preabsorption of the antibody with 
either phosphotyrosine, phosphoserine, or phosphothreonine. Recognition of EGFR and erbB-2 
proteins was completely abolished by preabsorption of the anti-P-Tyr with phosphotyrosine, although 
it was not affected by competition with phosphoserine or phosphothreonine (not shown). Sizes are 
shown in kilodaltons. The arrows point at the EGFR (p170), erbB-2 (p185), and ANerbB-2 (p88-96) 
proteins. 

Agar cloning efficlency Transforming efficiency 
of 32D transfectants on NIH 313 

-EGF +EGF -EGF +EGF 
,+ Extracellular +, ,-e lntracellular +, 

EGFR I-1 <lo0  1 . 3 ~ 1 0 ~  < lo0  2 . 0 ~ 1 0 '  

erbB-2Glu 1- 1 . 2 ~ 1 0 '  0 . 9 ~ 1 0 '  1 . 6 ~ 1 0 ~  1.2x10S 

9 
G lu 

Fig. 2. Comparison of biological activity of EGFR and erbB-2 expressed in 32D and NIH 3T3 cells. 
The indicated expression vectors, engineered as described (5, 6, 14, 15), were transfected in 32D cells by 
electroporation (8) or in NIH 3T3 cells by the calcium phosphate precipitation method (5). Cloning 
efficiency of 32D transfectants: 32D transfectants, after selection in a medium containing mycophenolic 
acid (9), were tested for their requirement for growth factors by assaying their capability to form 
colonies in semisolid medium supplemented with the indicated growth factors. The cloning efficiency 
was established by plating cells at various concentrations in Iscove's modified Dulbecco's medium 
supplemented with 15% fetal bovine serum (Gibco) and 0.48% sea plaque agarose (Marine Colloids). 
EGF (100 nglml, Collaborative Research) was included when specified. Plates were incubated at 37°C 
in 5% C02. Visible colonies were scored at 12 days after plating. Values are presented as a fraction of 
the number of colonies that developed in medium supplemented with serum and IL-3 at 50 Ulml 
(Genzyme) (colonies/IL-3 colonies x lo5). In each case the efficiency of growth in agar in the presence 
of IL-3 was around 30%. Values shown represent the average of three independent experiments, 
performed in duplicate. In each case standard error was less than 10% of the mean. Transforming 
efficiency on NIH 3T3: Transfection was performed with 40 pg of calf thymus DNA as a carrier. Focus 
formation on NIH 3T3 cells was scored after 21 days on duplicate plates. Where indicated, EGF (20 
nglml) was added at day 14 and cells were cultivated in the presence of the growth factor until day 21. 
The transformation efficiency was calculated in focus-forming units per picomole of cloned DNA 
added, based on the relative molecular weights of the respective plasmids. White bars, EGFR sequences; 
black bars, erbB-2 sequences; dotted bars, v-erbB sequences; and Glu, glutamic mutation in the 
transmembrane (hatched) region of erbB-2Glu. 

were established. Immunoblot analysis re- 
vealed that these transfectants synthesized 
high levels of gpl70-EGFR and gp185erbB-2, 
respectively (Fig. 1A). The two products syn- 
thesized in 32D cells were indistinguishable in 
size from EGFR or  gp185erbB-2 proteins 
overexpressed in transfected N I H  3T3 fibro- 
blasts (Fig. 1A) or  in human tumor cell lines 
(5, 6, 10, 11). Moreover, the levels of 
gp185erbB-2 o r  EGFR detected in 32D cells 
were comparable to  those associated with 
induction of the malignant phenotype in N I H  
3T3 cells (Fig. 1A) (5, 6). 

The ability of the receptors to become 
phosphorylated on tyrosine in vivo has been 
found to correlate well with the level of  
receptor activation (12, 13). Tyrosine phos- 
phorylation of EGFR in 32D-EGFR cells was 
only observed in the presence of  EGF (Fig. 
1B). In contrast, gp185erbB-2 expressed by 
32D-erbB-2 transfectants showed significant 
levels of  endogenous tyrosine phosphoryl- 
ation. Similar levels of  EGFR and gp185erbB-Z 
tyrosine phosphorylation were observed in 
transfected N I H  3T3 cells (Fig. 1B). 

To compare the biological effects of 
gp185erbB-2 and EGFRexpressionin 32Dcells, 
we analyzed the growth characteristics of  the 
transfectants by colony formation in semisolid 
medium. This is a stringent test of mitogenic 
signaling capacity since several cycles of  cell 
division are required to form a detectable 
colony. In each case, colony formation was 
standardized relative t o  colony forming ability 
in the presence of serum plus IL-3. 32D- 
EGFR cells did not form colonies in soft agar 
in the absence of  EGF but responded drarnati- 
cally to  EGF addition (Fig. 2). In contrast, 
the growth properties of 32BerbB-2 cells 
were indistinguishable from those of control 
32D, in that they could not proliferate in 
serum alone or  supplemented with EGF but 
promptly responded to IL-3 (Fig. 2). In N I H  
3T3 cells erbB-2 was 100 times as potent as 
EGFR as a transforming gene (5, 6) (Fig. 2). 
Since gp18SerbB-2 was expressed at high levels 
in 32D-erbB-2 cells and exhibited consti- 
tutive tyrosine phosphorylation, these re- 
sults strongly suggested that gp185erbB-2 
was inefficient relative t o  EGFR at  cou- 
pling with intracellular mitogenic signal- 
ing pathways in 3 2 D  cells. 

To hr ther  test this hypothesis, we trans- 
fected 32D cells with the LTR-ANerbB-2 and 
LTR-erbB-2Glu expression vectors, which 
encode an NH2-truncated erbB-2 protein lack- 
ing the majority of its extracellular domain (5) 
and an erbB-2 protein bearing a single Val to 
Glu mutation in the transmembrane region 
(12), respectively. These two mutant erbB-2 
proteins have enhanced transforming poten- 
tial in N I H  3T3 cells and higher intrinsic 
tyrosine kinase activity relative t o  the wild 
type (5, 12) (Fig. 2). Enzymatically active 
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Fig. 3. Expression and A 1  2 3 4 5  B p E x ~ s l h l a r ~  p l X - p C O O H 1  
blolog~cal actlr 1t-v of 
COOH ch~mer~c mole- '- +"- v- - EGF EGFR 
cules between EGER - -- Agar clon~ng efficiency of 
and erhR-2 cupresscd ln erbB-2 
32D cclls The eupres P 

320 transfectantr 

a - 200 
slon vectors, eng~ncered I) + - EGF + EGF 

as deqcr~bed (19, 20), EGFRl 
were rranstccted ~n 321) e & ~ - 2 ~ ~ ~ ~  1 <100 0.8x104 - - 97 cclls bv clcctroporat~on erbB-2/ 
( R I  Ccllq urcrc then sc- --I < l o o  < l o o  

Ant+P-Ty r 
lected bv the~r  ah~ l~ tv  to 

E G F R ~ O O ~  
v-erbBlerbl3-2'OoH 7 3 . 2 ~ 1 0 ~  4 . 4 ~ 1 0 ~  

p o u  In medlum supplemented w ~ t h  mvcophenol~c ac~d ( 9 )  and 
stable transfectcd cell I~nes were estahllshed (A) Tvrosme-phospho- ~ ~ e r b B - 2 / v - e r b ~ O O ~  m - 1  < l o 0  < l o 0  
nla t~on of ch~mer~c FGEWnhR-2 molcculcs expressed In 32D ccllq 
Total ccll I\satcs trom 321) cell lrnes \wrc subjected to ~mmunoblot 
anal\ sir, and ~mmunodctect~on u as pertormed u ~ t h  the panel ot ant~bod~es phosphotwos~ne (mu-P-Tvr) Speclficl~ of the ~rnmunodetectlon was 
to tarlous peptldes (M 1,1Mh, M7, FS, E?, and crl-) deccrlbed In (28) After controlled as ~nd~cated In the legend to Fig 1B S~zes are shown In 
dens~tnmerr~c analvs~s ot the blots, the relat~\c lc\rls of the c~prcsccd hlodaltons (B) R~olog~cal acuvmnf of chlmenc EGFRIerhB-2 molecules 
protelns were calculated on the basls of the fact that each ant~bodv evpretsed m 32D cells The clon~ng effic~encv was establ~qhed as md~cated m 
rccnp17rd a parental and a ch~mcrrc moleculc Then equal amounts of thc legend to Elg 2. Values shoun represent the average of three ~ n d e p n -  
receptor protclns [lane5 1 and 2, FGFIUC~~R-~~"""  (numbers 1 and 2 dent evpenments performed m dupl~cate In each case standard error was less 
rcprcccnt lndcpcndcnt clectroporauons), lane 3, EGFR, lane 4, nl>B- than 10% of the mean Wh~te  bars, EGFR sequences, black ban. erhR-2 
~ / T c X - K ~ ~ " ' ~ ,  lane 5, rrlrR-21 were tract~onated bv SDS-I'AGE, transferred sequences, dotted bars, v-erhB sequences, and hatched bars, transmembrane 
to n~rrocellulose. and ~mmunodeteaed w ~ t h  the affin~t-v-punficd antlbodv to repon 

r) ~ c @ l l l l l a l  9 r, l K ~ c 0 0 1 q  

Sll I Bcl l 
p8S-%me*B2 and g p 1 8 ~ ' * ~ - ~  were 
readily deteaed in the aansfi.xtad cells, as 

EGFR 7 1  
indicated by their high phosphotyroslne con- &B2 

Bkloglcal actlvlty nbtlw 
to ~ n t r l  molecule in 

tent (Fig. 1). The 32-ANdB-2 cells did 
notpro~insofiagarintheabsenceof 32D NIH 313 
IL-3 (Fig. 2). 32-B-2Glu formed some - EGF + EGF - EGF + EGF 
colonies in sotI agar, but at approximately 

EGFW 
11100 the fkquency exhibited by 32D-EGFR d B 2 ~ ~  - - - 0.1 - - 100 
cultivated in the presence of EGF. Another 
expression vector, LTR-ANAMB-2 (14), cHbBu 
engineered to express an dB-2  protein with E G ~ T K  *lo00 +lo00 e0.01 tO.01 
NH2- and COOH-terminal truncations, was Fig. 4. Biologd activity of tyrosix Linase chimeric molecules between EGFR and dB3, expressed in 

to 32D cells of IL3 32D and NIH 3T3 &. The indicated expression vectors, engineered as desaibed (21), were 
depedme. In Contrast, v-dB, the m h t e d  aansfecrrd in 32D cdls by ekcmoporation (8) or in NIH 3T3 cells by the calcium phosphate method 
corn- of EGFR (which also has Nl&- (5). 32D d ~ 4  after selection in a medium containing mycophumlic acid (9), were tested fbr 
and  terminal truncatiions) (15, 14, their capability to form c o h e s  in semisolid madium supplemented with EGF, as described in the 

'on assay on NIH 3T3 cdls was perfbrmcd and the nansf;wmin abrogated I L 3  requirements (Fig. 2). legend to Fig. 2. Thc aaosfecn g 
c5aency was calculated as inmcated in the legend to Fig. 2. Values arc prrxmed as biological activity 

was a very good cordation between of the chimeric molecules dative to thc -tal moI& ( E G F R I C ~ B - ~ ~ ~  versus EGFR and d B -  
g r o d  and abiity to incorporate ~ / E G F R = ~  versus erbB-2, mpmtively), whose biological activities in 32D and NIH 3T3 cells were zlmymidine d- a 24-hOUT PC "umd as 1. Thr X d L S  d0~ll arc typical and ~pr~sntative of dUCC hdCpldcnt C X p h l C n t S  

riod Under 4 6 -  in which 3 2 ~  trans- perfbrmcd in duplicate. White bars, EGFR sequences; black bars, dB-2 sequences; and hatched bars, 
uansmcmbranc region. 

fhants failed to fbrm colonies, dKlP w a  
litde, if any, thymidine incorporation. 'Ihe 
32-B-2Glu cells, which were very in&- terminal domain. To test whder  the speci6c- gp185e**2 pmtdo ( F a  3A). Convenely, 
aent at colony fixmation (Fig. 2), exhibited 5 ity fbr mitogenic S ' i  transduction might both the EGFRldB-2 chimeric protein 
to 10% of the [3~]thymidine incorporation qregate with their highly divergent COOH- and the parental EGFR showed a low basal 
observed in the presence of IL-3 (17). terminal domains, we engineered chimeric kvel of p i n e  phosphotylation, which was 

On the basis of the overall structural and expmssion vectors using a conserved Bd I site markedly i d  upon EGF stimulation. 
sequence similarity of EGFR and dB-2, we located at the border between the two do- nKse results indicated that the two chimeric 
xasoned that chimeric molecules engineered mains in EGFR and dB-2  cDNAs (19) (Fig. mepax pmteins were anymatically active 
by switching similar domains might retain 3B).The~T~-EGFRld~-2~~~~exp~ssion and inninsically capable of coupling with 
fimdonal integrity but a q k  di&rcnt sig- vector encoded an EGFR-like m o l d  in i n d u l a r  mitopic s e  pathways. 
naling specificity. A comparison of the pub- which the last 263 amino acids ofthe EGFR 'Ihe 32D-EGFRldB-2 cells p r o k -  
lished sequences ofEGFR and erbB-2 cDNAs molecule were replaced by the 300 amino a t e -  specifically in resporase to EGF stimula- 
(18) revealed that their intracelluliu portions acids of the analogous COOH-terminal do- tion ( F  . 3B). In contrast, 32-B- 
can be subdivided into two domains. The main of the dB-2  padn (19). The LTR- 2/EGFRgH c& were ' ' ' bk 
first, adjacent to the trammembrane sequence, ~ ~ B - U E G F R ~ ~ ~  expression vector en- firm conml 32D in their i r n a b  brm 
encompasses the tyrosine kinase region and coded the reciprocal chimeric protein (19). colonies in the absare of added IL-3 (Fig. 
shows -80% homology over a 275-amino The ~ B - ~ / E G F R ~ O O ~  protein exhibited 3B). 'These 6ndings argued that the O O H -  
acid saetch. 'Ihis similarity drops dramatically constitutively high levels of tyrosine phospho- taminal domains of EGFR and dB-2 were 
over the -300 amino acids of the COOH- rylation m c b m p h b  

. . .  . le ftom the parend not respomible fix the observed spedaty of 
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their mitogenic signaling in 32D cells and 
strongly suggested that this specificity must be 
determined by the tyrosine kinase domain. 
This conclusion was supported by analysis of 
chimeras between v-erbB and ANerbB-2 (20). 
The ~ T ~ - v - e r b ~ l e r b ~ - 2 ~ ~ ~ "  expression vec- 
tor, which encoded a protein containing the 
v-erbB tyrosine kinase domain and the 
COOH-terminal domain of erbB-2, conferred 
IL-3 independence to 32D cells (Fig. 3B). In 
contrast, the ~ ~ e r b ~ - 2 / v - e r b ~ ~ ~ ~ ~  expres- 
sion vector, which contained the tyrosine 
kinase domain of erbB-2 and the COOH- 
terminal domain ofv-erbB, did not do so (Fig. 
3B). 

As a final test, we constructed chimeras in 
which the tyrosine kinase domains of EGFR 
and erbB-2 were reciprocally switched. These 
chimeras, designated E G F W ~ Y ~ B - ~ ~ ~  and 
~ ~ ~ B - ~ / E G F R ~ ~  (21), were transfectzd into 
32D and NTH 3T3 cells. The 32D-EGFW 
erbB-2TK exhibited about 1/10 the colony 
formation of 32D-EGFR (Fig. 4). Converse- 
ly, the specific transforming activity of the 
EGFWerbB-2TK chimera for NTH 3T3 cells 
was approximately 100 times higher than that 

in different target cells. 
In many in&~ces oncogene-mediated al- 

u 

terations appear to be tumor-specific. For 
example, the erbB-2 gene is amplified and 
overexpressed in a sipficant fraction of 
mammary adenocarcinomas (10, 26). Con- 
versely, EGFR amplification and overexpres- 
sion has been frequently detected in squa- 
mous cell carcinomas and glioblastomas (1 1). 
In model systems, the targeting of expression 
of oncogenes in transgenic mice has also 
resulted in sipticant variations in tissue- 
specific sensitivity to tumor induction (27). 
Our present findings suggest that tissue-spe- 
cific differences in the availability of intracellu- 
lar components of mitogenic signaling path- 
ways may account for the selection of specific 
oncogenes in certain tumors. 
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The Effect of Electrical Coupling on the 
Frequency of Model Neuronal Oscillators 

Neurons with oscillatory properties are a common feature of the nervous system, but 
little is known about how neural oscillators shape the behavior of neuronal networks 
or how network interactions influence the properties of neural oscillators. Mathemati- 
cal models are used to examine the effect of electrically coupling an oscillatory neuron 
to a second neuron that is either silent or tonically firing. Models of oscillatory neurons 
with varying degrees of complexity show that this coupling can either increase or 
decrease the frequency of an oscillator, depending on its membrane potential wave 
form, the state of the neuron to which it is coupled, and the strength of the coupling. 
Thus, electrical coupling provides a flexible mechanism for modifying the behavior of 
an oscillatory neural network. 

N EURONS THAT DISPLAY INTRINSIC 

oscillatory properties are impor- 
tant components of many biologi- 

cal neural networks (1, 2). In particular, 
networks that generate rhythmic motor pat- 
terns often use neurons with oscillatory 
membrane properties (2). Despite consider- 
able advances in our understanding of 
rhythmic neural networks, we do not know 
precisely how the frequency of such net- 
works is controlled. Recent studies of the 
pyloric network of the lobster stomatogas- 
tric ganglion (STG) showed that the fre- 
quency of the oscillator anterior burster 
(AB) neuron is influenced by electrical cou- 
pling to other neurons (3). Specifically, in 
the presence of the peptide proctolin the 
frequency of the pacemaker-driven network 
was about 1 Hz, whereas the frequency of 
the isolated AB neuron was about 2 Hz; in 
this study the investigators concluded that 
the electrically coupled neurons were pro- 
viding a "load" on the pacemaker, slowing it 
down (3). 

We are currently developing network 
models that contain oscillatory elements (4). 

While studying the effect of electrical cou- 
pling on an oscillating neuron within these 
models, we found that the situation is not 
nearly as simple as the "loading" picture 
would imply. Instead, electrical coupling 
provides a flexible way of modulating the 
frequency of an oscillator that depends criti- 
cally on properties of the oscillator and of 
the coupled cell and on the coupling 
strength. 

We begin by considering the effect of 
electrical coupling in a simple model of a 
bursting neuron based on a modified form 
of the FitzHugh-Nagumo equations (5 ) .  In 
this approach we do not model individual 
action potential spikes but consider a cell 
membrane potential v with action potentials 
either removed or averaged over. In the 
particular case of the STG, this is a good 
approximation because its neurons release 
neurotransmitter as a graded function of 
membrane potential, and action potentials 
contribute little (6). In the general case, it is 
reasonable because the integrated contribu- 
tion of a given action potential spike to the 
current through the resistive coupling is 
quite small. 

To construct the model, we divide the 
T. B. Ke~ler  and E. Marder, of and total current entering or leaving the cell into Center for Complex Systems, Brandeis University, Wal- 
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brane current s. By current conservation, 

The slow component of the membrane cur- 
rent is determined,by another differential 
equation 

The parameter T determines the time scale 
for variations of s. In contrast to the usual 
approach (S), our fast current Jv) is purely 
resistive but at intermediate membrane po- 
tentials it has a negative-resistance region 
that connects two positive-resistance regions 
at low and high potentials. 

Depending on the exact form ofAv) and 
on the values of the parameters C, a, and T, 

neurons modeled by these equations can be 
oscillatory, can display plateau properties, 
can be tonically active, or can be silent. For 
the oscillatory case, the neuron can be pre- 
dominantly hyperpolarized (top left of Fig. 
1) or predominantly depolarized (top right 
of Fig. 1) during its cycle, depending on the 
value of an additive constant in the expres- 
sion forf(v). 

To explore the effects of electrical cou- 
pling, we take for the "external" current 

where g determines the strength of the elec- 
trical coupling and up is the membrane 
potential of a passive cell to which the 
oscillator is coupled. The membrane current 
for the passive cell is modeled as purely 
resistive and fast, so including the electrical 
coupling to the oscillator we have 

Here FP is the resting potential and Cp is the 
conductance of the passive cell in the ab- 
sence of electrical coupling. 

Figure 1 shows the result of increasing the 
coupling conductance between a hyperpo- 
larized passive cell and two different oscilla- 
tors. It is clear that the effect of electrical 
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