
change accompanying phosphorylation of 
Serlo3 occurs at a distant, voltage-sensing, 
transmembrane region. Our finding that the 
greatest effect of PDD occurs at small depo- 
larizations indicates that phosphorylation 
has a physiological function because K+ 
conductance would be reduced at potentials 
close to rest. 

The change in voltage sensitivity associat- 
ed with phosphorylation strongly suggests 
that the protein is a channel subunit. This 
conclusion agrees with the finding that mu- 
tations in the hydrophobic domain can alter 
ion selectivity (9). Furthermore, the results 
of our site-directed mutagenesis support a 
structural model for the I,, protein in which 
the NH,-terminus is outside the cell, there is 
a single transmembrane domain, and the 
COOH-terminus is within the cell (Fig. 1). 
Thus, the alteration in the voltage depen- 
dence of I,, observed in the mutation at 
Ser69 is consistent with that residue lying 
within the membrane, and the effects of the 
mutation at Serlo3 show that this amino 
acid must be intracellular. 

It remains uncertain which K+ currents 
recorded from mammalian cells result from 
activation of this molecular species of the 
K+ channel. Sensitivity to phorbol esters 
may be helpll in the identification of this 
channel as it occurs in mammalian cells. 
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Generation of Neurons and Astrocytes from Isolated 
Cells of the Adult Mammalian Central Nervous System 

Neurogenesis in the mammalian central nervous system is believed to end in the period 
just after birth; in the mouse striatum no new neurons are produced after the first few 
days after birth. In this study, cells isolated from the striatum of the adult mouse brain 
were induced to proliferate in vitro by epidermal growth factor. The proliferating cells 
initially expressed nestin, an intermediate filament found in neuroepithelial stem cells, 
and subsequently developed the morphology and antigenic properties of neurons and 
astrocytes. Newly generated cells with neuronal morphology were immunoreactive for 
y-aminobutyric acid and substance P, two neurotransmitters of the adult striatum in 
vivo. Thus, cells of the adult mouse striatum have the capacity to divide and 
Merentiate into neurons and astrocytes. 

T H E  GENERATION OF NEURONS I N  

the mammalian central nervous sys- 
tem (CNS), with few exceptions, 

occurs during early development (1 ) . Mito- 
genic growth factors, such as basic fibroblast 
growth factor (bFGF) and nerve growth 
factor (NGF), may participate in the pro- 
duction of CNS neurons (2, 3). Epidermal 
growth factor (EGF) is a powerh-mitogen 
of numerous non-neuronal cells and enhanc- 
es wound healing and tissue regeneration in 
various adult organs such as skin, liver, and 
intestinal epithelium (4). In the CNS, mito- 
genic and trophic actions of EGF on embry- 
onic and early postnatal cells indicate its 
importance neuronal development (5 ) .  
The demonstration of EGF- and EGF recep- 
tor-immunoreactivity in the adult rodent 
and human CNS (6). prompted us to exam- 
ine whether EGF-responsive cells could be 
isolated from the adult mouse CNS. 

The striata of 3- to 18-month-old adult 
mice were enzvmaticalh dissociated and 
plated in serum-free culture medium con- 
taining 20 ng of EGF per milliliter. Cells 
were seeded- in 35-r11kdiameter culture 
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dishes (1000 viable cells per plate) in the 
absence of supplementary substrate or adhe- 
sion factors (7). After 2 days in vitro (DIV) 
most of the cells had died; however, 15 ? 2 
cells per plate (n = 4 independent culture 
preparations; the striata of two adult mice 
were pooled in each of the four experiments) 
were undergoing cell division (Fig. 1A). 
Cell division continued for an additional 2 
to 3 DIV (Fig. 1, B and C), after which the 
proliferating clusters of cells detached and 
formed (6 to 8 DIV) a sphere of proliferat- 
ing cells (Fig. ID). Cell division and prolif- 
eration were not observed in the absence of 
EGF, nor were they mimicked by bFGF (20 
ng/ml), platelet-derived growth factor (20 
nglml), or NGF (100 nglrnl). In addition, if 
cells were seeded on a substrate that had 
been treated with poly-L-ornithine, prolifer- 
ation was not observed in the presence of 
EGF. These findings suggest that the pres- 
ence of both EGF and a nonadhesive sub- 
strate is required to initiate cell division of 
these isolated adult striatal cells. 

To assess the antigenic properties of cells 
within these 6- to 8-DIV spheres, we trans- 
ferred them to poly-L-ornithine-coated cov- 
er slips, allowed them to adhere for 1 hour, 
and processed them for indirect immunocy- 
tochemistry (8). Virtually all cells in the 
spheres were irnmunoreactive for nestin 
(Fig. 1, E and F; n = 8 independent culture 

27 MARCH 1992 REPORTS 1707 



Fig. 1. EGF-induced proliferation 
of cells isolated from the adult 
mouse sniatum. (A) After 2 DIV, 
cells that had undergone cell divi- 
sion were first observed. Cell divi- 
sion continued at 3 (B) and 4 (C) 
DIV, although dividmg cells (be- 
ginning to form a duster) migrated 
slowly across the substrate. (D) Af- 
ter 6 to 8 DIV, spheres of cells 
lifted ofT the substrate and floated 
in suspension. L ie  in substrate (A 
through C) xrves to idenafy the 
field. (E) One hour after plating 
onto ply-~-omithine, a 6DIV 
sphere attached to the substrate. 
(F) The cells in (E) were immuno- 
stained with antibody to nestin, 
virmally all cells were immunoreac- 
tive for nestin. (G through J) Sin- 
gle cells, derived from dkxiatcd 
6- to 8-DIV spheres, were plated in 
sin& wells of a 96-well plate. A 
large, hypertrophic cell afm 2 DIV 
(G) began to divide and form a 
du rn  of cells during the subse- 
quent 3 (H), 4 (I), and 6 (J) DIV. 
Scratches in substrate serve to iden- 
tify the field. Scale bars: (A through 
D) bar in (D) denotes 50 pm; (E), 
50 pm; (F), 25 pm; (G &ugh J) bar in (J), 50 F. 

Fig. 2. NSE- and GFAP- 
positive cells generated from 
a single sphere of EGF-in- 
duccd, undifferentiated 
adult saiatal&. (A) A sin- 
gle sphere immediately after 
plating. (B through D) The 
same sphere after 1 (B), 3 
(C), and 14 (D) DIV, re- 
spectively. (E) After 21 
DIV, the transkcred sphere 
and associated cells were 
fixed and p d  for dual- 
antigen immunocytochem- 
isay. (F and G) Fluores- 
cence micrographs of the 
pomon of field delineated in 
(E), after dual-labeling of 

&va slips &ere processed fir immunocymchemistry as described (8), with the following modifications. 
The primary antibodies (applied -er) were a mouse monodona1 antibody to GFAP (1:100; 
Bachnnger Mannheim) and rabbit antiserum to NSE (1 : 300, Dakopatts, Carpenteria, ChMomia), and 
the secondary antibodies (applied together) were fluorescein-conjugated goat antibody to mouse IgG 
(1:100; J a b n  Immunochemicals) and rhodamine-conjugated goat antibody to rabbit IgG (1:lOO; 
Jackson Immunochemicals). 

preparations), an intermediate filament 
found in neuroepithelial stem cells (3,9). In 
contrast, cells in the 6- to 8-DIV spheres 
were not immunoreactive for neurofilament 
(168 kD), neuron-spec& enolase (NSE), 
and glial fibrillary acidic protein (GFAP) 
(10). To determine whether cells within the 
6- to 8-DIV spheres could continue to 
proliferate in secondary cultures, spheres 
were mechanically dissociated and replated 
as single cells in the wells of 96-well plates 
(11). In the presence of EGF, single cells 
proliferated and formed new spheres (Fig. 1, 
G through J); the majority of cells within 
these secondary spheres were also immuno- 
reactive for nestin (10). When 200 to 250 of 
these cells were plated in a 35-mm dish, in 
the presence of EGF and in the absence of 
supplementary substrate or adhesion factors, 
67  2 4% (n = 3 independent culture prep- 
arations) of the cells formed new spheres. As 
above, if EGF was omitted fiom the serum- 
tkee culture medium, proliferation was not 
observed. In addition, when EGF was re- 
moved from the medium after proliferation 
had been initiated, no further proliferation 
was observed. These findings suggest that in 
vitro conditions may be established for the 
continual proliferation of undifferentiated 
cells origmlly derived from the adult marn- 
malian CNS. 

We next examined whether, given a suit- 
able substrate, cells generated from EGF- 
induced spheres would develop the morpho- 
logical and antigenic pro@= of the 
principal cell types of the CNS. Single 6- to 
8-DIV spheres were transferred with mi- 
cropipettes to ply-L-ornithine-coated glass 
cover slips (in 12-well plates) and cultured 
in the continued presence of EGF-contain- 
ing, serum-free medium (Fig. 2A). During 
the subsequent 21 DIV, cells were observed 
migrating from the sphere, which continued 
to proliferate in the presence of EGF (Fig. 2, 
B through E). After 21 DIV, the proliferat- 
ing sphere and cells that had migrated from 
the core were processed fbr dual-antigen, 
indirect immunocytochemistry; both 
GFAP- (Fig. 2F) and NSE- (Fig. 2G) irn- 
munoreactive cells were present. These find- 
ings were reproduced in eight independent 
culture preparations. Incorporation of bro- 
modeoxyuridine (1 pM,  applied between 10 
and 13 DIV) into NSE-immunoreactive 
cells (Fig. 3, A and B) supports our condu- 
sion that these cells were born during the 
culture period. The EGF-induced pattern of 
proliferation precluded an accurate count of 
the total number of cells produced. Never- 
theless, in the GFAP plus NSE dual-labeling 
experiments, 61 + 7% of the labeled cells 
were immunoreactive for GFAP, whereas 
39 + 5% were immunoreactive for NSE (as 
d by counting 827 immunoreactive 
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active cell (arrowhead) that had in- 
corporated bromodeoxyuridine 
(B), the distinct morphology of 
neurofilament (168 kD)-imm- 
reactive (C) and GFAP-immuwrc- 
active (D) cells, and cells with neu- 
ronal morphology that were irn- 
munorcactive for y-aminobutyric 
acid (E) and substance P (F). Bar, 
20 pm. culture and immunocy- 
mchemistty of single spheres were 
carried out as dcxribed (7, 8) with 
the following modifications. Pri- 
mary antibodies used included 
mouse monodonal antibody m 
bromodaaxyuridine (udum$ Am- 
ersham). monoclonal antibodv m . -- - ,, ------ ~ ~ - -  - -- - 

ncuro6lament (168 kD) anti&y-(150; done RMO 270), rabbit antiserum to yamiwbutyric acid 
(1:3000, Incstar, Stillwater, Mimesom), or rabbit antiserum m substance P (1:lOO; Incstar). 

cells in fbur independent culture prepara- 
tions). The majority of cells not immunore- 
active for GFAP or NSE were immunoreac- 
tive for nestin (10). 

In EGF-generated cultures, the NSE-im- 
munoreactive cells generally had small, 
rounded somas with fine processes ( F i .  2, 
H and I, and 3A). In contrast, GFAP- 
immunoreactive cells were stellate, with 
large somas and several thick processes (Fig. 
3D). Cells with rounded soma and long, 
thin processes also were immunoreactive for 
neurofilament (168 kD) (Fig. 3C). To de- 
tennine whether these cells contained CNS 
neurotransmitters, we tested for the pres- 
ence of amino acids, biogenic arnines, and 
neuropeptides with indirect immunocy- 
tochemistry. Cells with neuronal morpholo- 
gy that were immunoreactive for y-ami- 
nobutyric acid (Fig. 3E) and substance P 
(Fig. 3F) were present dvoughout 21-DIV 
cultures of spheres and associated cells (n = 
3 independent culture preparations); these 
are two of the maior neurotransmitters of 
the adult striatum vivo (12). In contrast, 
these cultures did not contain cells that were 
immunoreactive for glutamate, serotonin, 
tyrosine hydroxyhe-, -methionhe-enkepha- 
lin, neuropeptide Y, or somatostatin (13), 
the latter three b e i i  present in the adult 
striatum. The reason for the restricted 
expression of phenotypes is unknown, but it 
is possible (i) that EGF-responsive progen- 
itor cells are limited to produce only y-ami- 
nobutyric acid- and substance P-containing 
cells or (ii) that other phenotypes may ap- 
war at different times or under different 
htwe conditions. 

Our results demonstrate that EGF induc- 
es the proliferation of a small number of 

cells, isolated from the smatum of the adult 
mouse brain, that produce dusters of cells 
with antigenic properties of neuroepithelial 
stem cells. Under appropriate conditions 
these cells can be induced to differentiate 
into astrocytes and neurons with pheno- 
types characmktic of the adult smatum in 
vivo. We have recentlv isolated an EGF- 
responsive, multipoteni stem cell from the 
embryonic striatum that exhibits a pattern of 
proli&ation and differentiation that is indis- 
tinguishable fiom that described in this 
study (10). Taken together, these findings 
suggest that a population of embryonic stern 
cells may survive in the adult brain in a 
dormant, nonproliferative state. Alternative- 
ly, these cells may be similar to a population 
of subependymal cells in the dorsolateral 
region of the lateral ventride that prolifer- 
ates in the adult mouse, although the fate of 
half of the progeny is death (14). Neurogen- 
esis in the mouse striatum is complete afkr 
the first few postnatal days (15). The inabil- 
ity of these skm cells to-continue to prolif- 
erate in vivo may be due to inhibitory 
influences of the adult mammalian CNS. 
Inhibition of initial EGF-induced ~rolifera- 
tion on plates treated with poly-~Arnithine 
suggests that the substrate may be one of 
these inhibitory influences. 

Although n&oepithelial stem cells may 
be manipulated in vitro after isolation from 
fetal brain tissue (16), our findings indicate 
that the adult brain may serve as alterna- 
tive source. The ability to induce EGF- 
responsive stem cells to proliferate in sus- 
pension in vitro, and to reinitiate prolif- 
eration in a large percentage of the progeny, 
can provide a plentiful source of undiEeren- 
tiated CNS cells fiom the adult for studies of 

their basic properties and for use in acpcri- 
mental models of autologous or heterolo- 
gous CNS transplantation. Identification of 
factors that induce or inhibit the in situ 
proliferation and diffmntiation of these 
cells may allow for their eventual manipula- 
tion in the intact adult mammalian CNS to 
replace cells lost to injury or disease. 

REFERENCES AND NOTES 

1. S. A. Baycr, Ann. N.Y. Acad. Sci. 457,163 (1985); 
M. JrobsaZ Nmrobidogy ( P U  
New.YOrt, cd. 3,1991), pp. 41-93. 

2. C. Gcnsburgcr, G. M. ~~, 
FEBSLeft. 217,1(1987); M. Murphy, J. Drago, P. 
F. Budett, J. Ncu-. Res. 25,463 (1990). 

3. E. Cauuo and R McKay, Name 347, 762 
(1990). 

4. G. Cvpcmcr and M. I. Wabl, in Peptidr Growth 
Fcvtmr and 7 W r  Raephm, M. B. Sporn and A. B. 
Robaa, Eds. (Springs-vcchg, Balin, 1990). pp. 
69-171. 

5. D. L. Sipson, R Morrism, J. dc Vellis, H. R 
Hashman, J. Nnaarri. Ra. 8,453 (1982); R S. 
Morrisg H. I. Kombhun, F. M. Leslie, R A. 
Bradshaw, Srimcc 238.72 (1987); R M. Anchao, 
T. A. Reh, J. Aogcllo, A. Balliet, M. Walker, Ncunm 
6,923 (1991). 

6. J. H. Fallon cr al., Sdmrr 224, 1107 (1984); F. 
Gowz-P ' i  a al., Bmin Ra. 438, 385 (1988); 
M.H. WcmaaaL, J. Hiborkmr. Cykuhcm. 36,81 
(1988); E. Birracc a d., Dnr. Bmin Res. 60,145 
(1991). 

7. ~ t i o o o f ~ m 0 u s e J a i ; a p w a s a r r i c d o u t  
according to the method ofKay and Wong (17) 
with thc foliowing modificlcioos. Mouse shiata 
[ ~ e , p a d q a l - f r c e C D l  (CFlandcFWsaias 
yielded identical &), albino, 3 m 18 mombs 
d d ; C b v L s R i v e r , S t ~ ~ ] w c n d i s -  
scctcd and hand-cut with scissors into 1-mm mooal 
S e C t i ~ ~ ~ a n d c r a a P f a r r d i m ~ v t i f i d a l ~ i r n l  
fluid (aCSF) that cormincd 124 mM N&¶, 5 mM 
KCI, 1.3 mM MgC12, 2 mM M2, 26 mM 
NaHCQ3, and 10 mM Dghvxlsc (pH 1.35, -280 
m o s m d ) l o d ~ a a r t c d w i t h 9 5 % 0 & % ~ a t  
roomtunpaatm.Afm15minthctinsue~ 
war azaskd m a spinaa flask (Bdko GLPs) with 
a magnetic stinn 6lkd with low-Ca2+ aCSF that 
contaiocd 124 mM NaCI, 5 mM KCI, 3.2 mM 
MgCI,, 0.1 mM CaQ3,26 mM NaHco3, and 10 
mM Dgluast (pH 7.35, -280 d), was lau- 
ed with 95% O&% at 32" m 35T, d 
amtaincd 1.33 mglmt ofuypsin [9000 BAEF (bcn- 
zoyl-L-arginim cthyi am) uds pa digram], 0.67 
mglml of hyahmdas  (2000 mi*), and 0 2  
mglmlofkynuxmicacid.Afm90mio,tirmc~ 
war azaskd m wrmal aCSF fac 5 min t i c k  
uituration. T i  was tnmfarcd m DhU34p-12 
(l:l,GibCo)nlalium " 07mglmlovormr- 
Eoid (Sigma) and wa9 ~ " l & & d y w i m  a 
6rc-narmwcd Plnaapipate CeUs wae plated (1M)O 
viable ah p a  plate) in n m c m d  35-mm culturr 
disha (w) s~nnn-fm mdium (18) 
and EGF (20 aglml) [pmficd from - subnm- 
iUvyglud(CdhbontivcRescuch)orhumvlrc- 
armbinant EGF (Gibm/BlU)]. 

8. .k 6 DIV, fhting sphan wac ansfemd with 
wide-bore pipcas cmm ply-~-omithinc (15 lrgl 
ml) ( S i )  d glass cwcr slips in 24-Well 
Eulturcdishcs.AfrcrlhOur,thcmcdiumwasn- 
placcd with 4% W y d c  in phosphuc- 
bu&rad~(PBS)for20muqfollowaibythrrc 
10-min rinses in PBS. Attached sphacs war imu- 
b a d  with a rabbit polydod antisaum dimxed 
against ncstin (Rat 401). Covcr slips wae i n a h a d  
in antibody to ncsrin (1:1500 in PBS/0.3% mmn- 
x-100/10% norrml p t  saum) for 2 hours at 3 P C  
Covcrslipswacrinscdthrrctimcs (10 min) with 
PBS and incubated with ~~ gou 
a n t i i  m rabbit imm"Oglobulin G (IgG) 
(1: 100; Jackson Imrnumxhanicals) for 30 min at 
mom tanpcmucc. After thrrc M washa in PBS, 
ulvmlips were mounted with F h v c  (Wb 

27 MARCH 1992 REPORTS 1709 



chem) on glass slides and viewed and photographed 
with a Nikon Optiphot photomicroscope. Omission 
of primary antiserum or its replacement with non- or 
preimmune serum resulted in no detectable staining. 

9. U. Lendahl, L. B. Z i e r m a n ,  R. D. G. McKay, 
Cell 60, 585 (1990); K. Frederiksen and R. D. G. 
McKay, J. Neurosci. 8, 144 (1988). 

0. B. A. Reynolds and S. Weiss, unpublished data. 
.l. After 6 D N ,  spheres were transferred with wide- 

bore pipettes into a test tube and mechanically 
dissociated into single cells with a fire-narrowed 
Pasteur pipette. Single cells were plated (by limiting 
dilution of the cell suspension) into the bases of 
96-well culture dishes containing serum-free medi- 
um plus EGF. The presence of a single cell in a well 
was confirmed with phase-contrast microscopy and 
photography with a Nikon Diaphot inverted pho- 
tomicroscope. 

12. A. M. Graybiel, Trends Neurosci. 13, 244 (1990). 
13. Although these antisera did not label any cells in the 

EGF-generated cultures, we have successfully used 
them to identify discrete populations of neurons in 
cultures of embryonic mouse cortex, hippocampus, 
ventral mesencephalon (unpublished observations), 

and smatum [J. H. Williams, I. Berbekar, S. Weiss, 
Neuroscience 43, 437 (1991)l. 

14. C. M. Morshead and D. van der Kooy, J. Neurosci. 
12, 249 (1992). 

15. J. C. Fentress, B. B. Staniield, W. M. Cowan, Anat .  
Embryol. 163,275 (1981). 

16. E. Cattaneo and R. McKay, Trends Neurosci. 14, 
338 11991). 

17. A. R: Kay k d  R. K. S. Wong, J. Neurosci. Methods 
16, 227 (1986). 

18. S. Weiss et al . ,  Proc. Natl.  Acad. Sci. U . S . A .  83, 
2238 (1986). 

19. Supported by the Medical Research Council (MRC) 
of Canada. B.A.R. is a recipient of a Pharmaceutical 
Manufacturers Association of Canada-MRC stu- 
dentship; S.W. is an MRC Scholar. We thank W. 
TetzlafTfor advice and discussion; A. G. M. Bdoch, 
R. Hawkes, and A. Vescovi for helpful comments; 
D. D. Fraser and B. A. MacVicar for advice on 
dissociation procedures; M. Marvin and R. McKay 
for antisera to nestin, and S. Pleasure and V. Lee for 
antibody to neurofilament. 

23 December 1991; accepted 28 January 1992 

Evidence for a Computational Distinction Between 
Proximal and Distal Neuronal Inhibition 

Most neurons have inhibitory synapses both "proximally" near the spike-initiating 
zone and "distally') on dendrites. Although distal inhibition is thought to be an 
adaptation for selective inhibition of particular dendritic branches, another important 
distinction exists between proximal and distal inhibition. Proximal inhibition can 
attenuate excitatory input absolutely so that no amount of excitation causes firing. 
Distal inhibition, however, inhibits relatively; any amount of it can be overcome by 
sufficient excitation. These properties are used as predicted in the circuit-mediating 
crayfish escape behavior. Many neurond computations require relative inhibition. This 
could partly account for the ubiquity of distal inhibition. 

OST CENTRAL NEURONS RECEIVE 

inhibitory inputs on their basal 
dendrites or somata, where they 

are well situated to shunt distally generated 
excitatory postsynaptic potentials (EPSPs) 
before they spread to the zonal spike initi- 
ating zone. Such "proximal inhibition" was 
discovered first, but it is now known that 
distal dendrites also commonly receive ex- 
tensive inhibitory as well as excitatory inputs 
(1). A reason often proposed for such "distal 
inhibition" is that it would allow for selec- 
tive inhibition of particular dendritic 
branches (2) .  While studying inhibitory 
control of the lateral giant (LG) command 
neurons for cra@sh tail-flip escape behavior, 
we have come to appreciate a different and 
perhaps more generally important reason for 
distal inhibition. 
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Two kinds of suppression of LG escapes 
are known: (i) Escape cannot be initiated 
while an escape response is in progress. The 
responsible suppressive influence is called 
recurrent inhibition (3). Because initiating a 
new response while another is in progress 
would be maladaptive, recurrent inhibition 
should be absolute: No matter how strong 
the provocation, the inhibition should pre- 
vent a response. (ii) The likelihood of escape 
is reduced when crayfish are feeding or are 
restrained so that escape would be ineffec- 
tual (4). The responsible process, tonic in- 
hibition, is strategic in nature: Although 
ignoring a modest threat to continue feed- 
ing may be adaptive, sufficient provocation 
should still cause escape. Thus, it should be 
possible to override tonic inhibition. 

Both recurrent and tonic inhibition are 
known to be directed to the LG neuron 
itself and thus might be produced by the 
same inhibitory neurons. However, a con- 
sideration of the way excitation and inhibi- 
tion interact suggests that proximal inhibi- 
tion best confers the absolute suppression 
required for recurrent inhibition, whereas 

distal inhibition can more readily be over- 
come by strong excitation, as required for 
tonic inhibition. 

The reason is illustrated in Fig. 1, which 
shows predictions from a steady-state, two- 
compartment model of LG (equivalent cir- 
cuit insets). Attenuation of EPSPs from 
distal to prqximal compartment was by a 
factor of 10, consistent with known physi- 
ology and anatomy. The top curve in Fig. 1, 
A1 and A2, shows the depolarization pro- 
duced by excitation in the absence of inhi- 
bition. Depolarization increases with in- 
creasing excitation until the EPSP at its 
distal origin approaches the excitatory syn- 
aptic reversal potential and saturates. Thus, 
the curve plateaus. 

Proximal inhibition decreases EPSP am- 
plitude by a nearly constant factor indepen- 
dent of the amount of excitation (Fig. 1, A1 
and Bl). Thus, if the inhibitory strength 
were sufficient to reduce the plateau of the 
curve in Fig. 1, Al, below the critical firing 
level of the proximal compartment (for ex- 
ample, the dashed line), then no amount of 
additional excitation would fire the cell. In 
other words, the inhibition would be abso- 
lute, as required for recurrent inhibition. 

Distal inhibition behaves differently. Be- 
cause it reduces EPSPs in the distal compart- 
ment itself, it tends to counter the excitatory 
saturation, allowing excitatory levels that in 
the uninhibited situation would produce no 
further potential change to do so, until the 
inhibition is overcome and excitation again 
saturates. Thus, any amount of distal inhibi- 
tion can be overcome by further excitation, 
as reflected in Fig. 1, A2, by the fact that all 
curves crossed the critical firing level with 
strong enough excitation. Consequently, 
distal inhibition can be overridden, as re- 
quired for tonic inhibition. We refer to the 
different functional properties of inhibition 
conferred by proximal and distal synapses as 
"ab~olutene~~~' and "relativity," respectively. 

These arguments imply that recurrent in- 
hibition of LG should operate proximally, 
whereas tonic inhibition should be distal. Is 
this the case? To evaluate this, we compared 
the conductance increases produced by re- 
current and tonic inhibition in the proximal 
dendrites of LG (Fig. 2A). If the hypothesis 
is correct, the proximal conductance increase 
associated with recurrent inhibition should 
be much greater than that associated with 
comparable amounts of tonic inhibition. 

Recurrent inhibition was produced by 
firing the medial giant neurons, which cause 
an escape response without LG neuron in- 
volvement (5); inhibition was measured 
near its maximum, about 10 ms after medial 
giant firing (3)  (Fig. 2, Bl). We measured 
recurrent inhibition in the absence of tonic 
inhibition by isolating the abdominal ner- 
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