
move north or south after crossing the 
ocean-freshwater boundary [for example, 
some anadromous salmon leaving the Fraser 
River, British Columbia, eventually move 5" 
to 15" north in the ocean (22)l. Third, 
selection for migration will also be affected 
by other factors (I  ), including the presence 
of com~etitors in a habitat. which influence 
food abundance, and predators and disease, 
which affect survivorship. These factors are 
not considered in our analysis because of the 
lack of such data for each latitude. However, 
it would be of interest to investigate the 
significance of these factors in explaining the 
variation in Fig. 2. The remaining paradox, 
that in some waters both anadromous and 
catadromous species co-exist (I), may re- 
quire survivorship data or more detailed 
foraging data. 

In spite of these potentially complicating 
factors, the food availability hypothesis ap- 
pears to be consistent with the global geo- 
graphic pattern of diadromy in fishes. We 
therefore conclude that food availability is 
an important factor in explaining not only 
where diadromous fishes occur, but also 
why fish migrate across the ocean-freshwa- 
ter boundary, as well as their direction of 
movement. 
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Nicotinic Antagonists Enhance Process Outgrowth 
by Rat Retinal Ganglion Cells in Culture 

Punctional nicotinic cholinergic receptors are found on mammalian retinal ganglion 
cell neurons in culture. The neurotransmitter acetylcholine (ACh) can be detected in 
the medium of many of these retinal cultures, after release presumably fiom the choline 
acetyltransferase-positive amacrine cells. The postsynaptic effect of endogenous or 
applied ACh on the ganglion cells can be blocked with specific nicotinic antagonists. 
Here it is shown that within 24 hours of producing such a pharmacologic blockade, the 
retinal ganglion cells begin to sprout or regenerate neuronal processes. Thus, the 
growth-enhancing effect of nicotinic antagonists may be due to the removal of 
inhibition to growth by tonic levels of ACh present in the culture medium. Since there 
is a spontaneous leak of ACh in the intact retina, the effects of nicotinic cholinergic 
drugs on process outgrowth in culture may reflect a normal control mechanism for 
growth or regeneration of retinal ganglion cell processes that is exerted by ACh in vivo. 

N ICOTINIC CHOLINERGIC DRUGS 

have long been studied for their 
role in synaptic transmission in the 

nervous system. Besides their function in 
intercellular communication, trophic effects 
of acetylcholine (ACh) and other presurnp- 
tive neurotransmitters have been postulated 
in the mammalian central nervous system. 
For example, the activation of ACh, nor- 
epinephrine, and N-methyl-D-aspartate 
(NMDA) receptors appears to facilitate the 
synaptic plasticity that affects ocular domi- 
nance columns after monocular visual depri- 
vation (1). Factors that inhibit neuronal 
growth have often been associated with glial 
cells (2). Recently, however, in invertebrate 
and submammalian vertebrate nervous sys- 
tems, growth-inhibiting properties have 
been attributed to classical neurotransmit- 
ters (3). Hence, neuronal interactions, possi- 
bly mediated by neurotransmitters, may be 
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important determinants of the cytoarchitec- 
ture of the central nervous system (4). 

In some cell culture systems neurotrans- 
mitters leak into the culture medium (5) ,  
and spontaneous release of ACh occurs in 
retinal cultures such as those described here 
(6). This release of ACh resembles at least to 
some degree a naturally occurring event in 
the intact retina (7). Thus, in tissue culture it 
may be possible to investigate the chemical 
nature of neuronal interactions associated 
with cell growth in a precisely controlled 
environment. 

In the present study we used cultures of 
postnatal rat retinal cells because they pro- 
vide a system in which neurite outgrowth 
can be monitored from an identified central 
neuron, the retinal ganglion cell (8, 9).  We 
found that the addition of nicotinic antago- 
nists to the culture medium for the first 24 
hours after plating resulted in a striking 
increase in process outgrowth by the gangli- 
on cells. During the same period, there was 
no effect of nicotinic antagonists on the 
survival of the ganglion cells compared to 
controls, suggesting that the effect was in 
some way specific for the growth of neurites 
and not merely influencing the overall health 
and welfare of the cells. 

Retinal cultures were produced as de- 
scribed previously from 7- to 12-day-old rat 
pups (8) and grown in a specific batch of rat 
serum; under these conditions the culture 
fluid was found to have endogenous levels 
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Fig. 1. Lack of effect of d-tubocurarine (10 pW, 250 
white bars) on the survival of solitary (A) or 
clustered (B) retinal ganglion cells in culture for ;? 200 
24 hours compared to control (hatched bars). The 8 
ordinate represents the mean number of ganglion 8 20 u 2 
cells surviving in a dish; the experiment was $ 2 150 
performed in quadruplicate. The error bars are 51 - 3 
standard deviation. 

0 

p 100 .- > .- 

50 

0 

Table 1. Effect of antagonists to acetylchohe and GABA on outgrowth of processes by solitary rat 
retinal ganglion cells in culture. Each experiment consisted of a single dissociation of cells cultured in 
multiple dishes. A ganglion cell was counted as having a neuronal process only if it was longer than the 
diameter of the cell body. To allow for slight variations among experiments, we analyzed the data 
summarized in the percentage column with an extension of Fisher's exact test for several 2 x 2 tables, as 
described previously (8). Each table contained the number of ganglion cells with and without processes 
in two different treatment media for a given retinal dissociation. Each drug was added at a concentration 
of 10 I*M. 

Number of cells Total process Number of Cells 
Treatment with processes (%) length per cell (km) experiments counted 

Control 37.4 
d-Tubocurarine 65.4% 
Mecamylamine 70.0* 
Atropine 39.2 
Picrotoxinin 39.8 

- 

*Sigruficantly greater than the value for the control (P > 0.001; Fisher's exact test for a 2 x 2 matrix with 
Bonferroni's correction for multiple comparisons). 

of ACh probably emanating from the cho- 
line acetyltransferasepositive cells in these 
cultures (6). On the basis of studies in the 
intact retina, the ACh-synthesizing neurons 
probably represent cholinergic amacrine 
cells that normally synapse on ganglion cells 
(10). The amount of ACh spontaneously 
released from the presumptive cholinergic 
amacrine cells was sufficient to produce a 
nondesensitizing depolarization of nearby 
ganglion cells. In dense platings, such as 
those used here (>2  x lo5 cells per 
1.25 x m2 culture well), nearly every 
ganglion cell was affected in this manner, 
although the magnitude of the responses 
varied widely from cell to cell (6). 

We found that culturing the cells for the 
first 24 hours in the presence of nicotinic 
blockers such as d-tubocurarine (10 tJM; 
Fig. 1) or mecamylamine (10 pl4) had no 
significant effect on the survival of the reti- 
nal ganglion cells compared to controls. 
Two populations of retinal ganglion cells 
were examined in these studies: (i) solitary 
ganglion cells that had no physical connec- 
tions to other cells in the culture dish and 
constituted 10 to 15% of the total ganglion 
cells, and (ii) clustered ganglion cells that 
were connected to other cells either by direct 
contact of the soma or via processes and 
made up 85 to 90% of the total ganglion cell 
population (8, 11 ) . The survival of neither 
of these populations of ganglion cells was 
affected after 24 hours (Fig. 1, A and B). 

Survival was assessed by cell counts on 
phase-bright ganglion cells identified with 
fluorescent labels and verified with electrical 
recordings and the ability to cleave fluores- 
cein from fluorescein diacetate (8). 

Nicotinic antagonists had a striking effect, 
however, on the outgrowth of processes by 
solitary retinal ganglion cells (12). As shown 
in Table 1, the proportion of ganglion cells 
[scored as described previously (8, 13)] 
growing at least one process longer than the 
diameter of the cell body nearly doubled, 
and the total length of processes per cell 
increased by 45% compared to controls. In 
contrast, the muscarinic antagonist atropine 
(10 pl4) did not substantially enhance pro- 
cess outgrowth; this concentration of atro- 
pine also did not alter the cholinergic cur- 
rent measured during whole-cell recording 
of retinal ganglion cells with patch elec- 
trodes (14). Moreover, picrotoxinin (10 
IJJM), which blocks the large currents in- 
duced by y-aminobutyric acid (GABA) in 
these cells (15), did not affect process out- 
growth. These results suggest a degree of 
specificity to the effect of nicotinic antago- 
nists on the plasticity of process outgrowth 
by retinal ganglion cells. 

Approximately two-thirds of the retinal 
ganglion cells incubated in d-tubocurarine 
(10 pl4) grew at least one process longer 
than the diameter of the cell body and often 
much longer. In contrast, only about a third 
of the retinal ganglion cells in cultures lack- 

ing d-tubocurarine produced a process as 
long as the diameter of the cell soma, and 
even then these processes were shorter than 
those growing in d-tubocurarine (16). As 
illustrated in Figs. 2 and 3, quantitative 
analysis of 4762 processes on 716 solitary 
retinal ganglion cells revealed that the nico- 
tinic antagonist compared to controls result- 
ed in a significant increase in the mean 
length per process (17). The number of 
processes per ganglion cell, however, was 
not significantly different in d-tubocurarine 
and control (by paired t test, t statistic 
= 0.6395, P > 0.5); the mean number of 
processes per cell (rSEM) was 6.05 
(r1.00) for d-tubocurarine and 6.50 
(* 1.49) for control. The fact that d-tubocu- 
rarine was associated with longer process 
lengths indicates that elongation (or preven- 
tion from shrinkage and pruning) but not 
initiation of process growth was affected by 
the nicotinic antagonist. These observations 
may help in elucidating the cellular mecha- 
nism of drug action in future studies. 

Alternative interpretations besides nico- 
tinic blockade for the effect of d-tubocura- 
rine on process outgrowth in cultures con- 
taining endogenous ACh are possible. For 
example, d-tubocurarine could have nonspe- 
cific effects; this drug is known to block 
several other Npes of ;onic channels in addi- 

L 

tion to the nicotinic receptor-channel com- 
plex, although at higher concentrations than 
we have used here (18). This possibility is 
unlikely, however, because (i) Gother nico- 
tinic antagonist, mecamylamine, yielded 
concordant results, and (ii) process out- 
growth was not affected by nicotinic antago- 
nists added to cultures lacking detectable 
levels of endogenous ACh. The concentra- 
tion of endogenous ACh in the retinal cul- 
tures appeared to depend on culture condi- 
tions, for example, on the batch of rat serum 
used in feeding the cells (although ACh was 
measured after removal of the serum, so it 
did not directly contribute to ACh levels) 
(6). Retinal cultures lacking endogenous 
ACh had a greater proportion of ganglion 
cells that grew processes than dishes with 
endogenous ACh (19). These findings are 
consistent with the notion that endogenous 
levels of ACh, when present and not blocked 
by nicotinic antagonists, are inhibitory to 
the growth of retinal ganglion cell processes 
(20). 

There are many possible mechanisms for 
the effect of ACh on the outgrowth of 
processes by retinal ganglion cells. Since 
there are nicotinic receptors on retinal gan- 
glion cells, the simplest explanation for our 
results would involve a direct action of ACh 
on these neurons, although a more indirect 
influence cannot be ruled out. The mecha- 
nism of action of ACh may relate to its 
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electrical eEects on retinal ganghon cells, 
which we have studied using the patch- 
clamp technique (14). For example, the 
depolarization engendered by ACh could be 
responsible for the lack of process growth; a 
precedent for this mode of action has been 
encountered in an invertebrate neuron in 
which depolarizing current pulses su5cient 
to trigger action potentials were found to 

Flg. 2 Phax-contrast mi- 
crograph of a rat retinal gan- 
@on cell with particularly 
exuberant outgrowth that 
had been cultured for 24 
hours prior to quanafylng 
its processes. As previously 
described (8), the illusuarcd 
cell was identified unda epi- 
BUO~CSCQKC m i m p y  as a 
ganghon ccll by the prescnce 
of blue Buorrscent dye that 
had been rrtrogradcly trans- 
pmed b&rc dbciation. 
This cell (16 pm greatest 
diameter) was chosen bc- 
cause of its easily photo- 
gaph.4 p m y ;  m'xt 
ganghon cells d ~ d  not e l a b  
rate such extensive processes 
under any circumstances. 

inhibit neurite elongation (21 ). Nevertheless 
in the mammalian central neurons studied 
here, K+, glutamate, or kainate did not 
decrease process outgrowth despite their 
depolarizing the cells (22). Thus, it is unlike- 
ly that ACh was inhibiting process out- 
growth by simply depolarizing the cells. 
Other possible actions of ACh that might 
intluence process outgrowth indude specific 

Mean kge value - 2.16 

SD - 0.26 

- I 

.' Mean bg, value -2.68 

SD - 0.43 

I 

Fig. 3. Analysis of process outgrowth by solitary retinal ganghon cch  in culture for 24 hours in control 
dishes (A and C) and in dishes incubated in media containhg 10 p i 4  ktubOcurafine (B and 0). The 
distribuaon of process length vmus kquency (A and B) was not normal but the logarithm of the 
lengths (C and D) was (13,17). The mean of the logarithm bf the lcngehs was sqpdcandy greater in 
the cultum incubated in d-tubocurarine (P < 0.0001, two-tailed t test). In the e~ght control dishes in 
this experiment 158 solitary ganghon cch wcrc analyzed containing 936 total proccssa; in the elght 
dishes treated with ktubocurarine 150 solitary &on cells with 724 total processes wcrc analyzed. 
Five other experiments yielded similar results. 

second messenger effects mediated by ionic 
fluxes; for example, effects of ACh-triggered 
CaZ+ entry on genes involved in the growth 
response (23) are currently under investiga- 
tion. 

Whatever the mechanism by which ACh 
appears to inhibit process outgrowth, these 
results show that an endogenous neuro- 
transmitter may influence the plasticity of 
neurites. Accordingly, chemical interactions 
between neurons may inhibit neurite elon- 
gation and thus iduence possible function- 
ai connections and circuitry within the 
mammalian central nervous system. For ex- 
ample, the decrease in process elongation 
engendered by ACh could be a mechanism 
h r  halting, stab-, or consolidating 
dendritic growth at an appropriate location 
so that synapse formation could occur. 
Along these lines, recent morphological evi- 
dence has shown that mammalian retinal 
ganglion cell processes undergo conjoint 
growth and remodeling prior to the forma- 
tion of their final connections on amacrine 
cells (24). Our findings indicate a possible 
mechanism for this restriction of process 
location: inhibition of further extension (or 
concomitant shrinkage) of neurites by re- 
lease of the putative neurotransmitter from 
the future prcsynaptic element. Most impor- 
tantly, nicotinic cholinergic antagonists can 
reverse the apparent inhibitory effects of 
ACh on process growth. Thus, our results 
may have implications tbr modifying the 
formation and regeneration of pathways 
within the mammalian central nervous sys- 
tem both under normal conditions and in 
states that might fit cholinergic neurons 
and their nicotinic targets, such as retinal 
ganghon cells affected by Alzheimer's dis- 
ease (2-5). 
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Dynamic Changes in Inhibin Messenger RNAs in Rat 
Ovarian Follicles During the Reproductive Cycle 

The alterations in morphology and function of the ovarian follicle as it matures, 
ovulates, and becomes a corpus luteum are dramatic. A variety of steroid and 
polypeptide hormones influence these processes, and the ovary in turn produces 
specific hormonal signals for endocrine regulation. One such signal is inhibin, a 
heterodimeric protein that suppresses the secretion of follicle-stimulating hormone 
from pituitary gonadotrophs. Rat inhibin complementary DNA probes have been used 
to ex-e thelevels and-distribution of inhibin a- and .~~- sub&i t  messenger RNAs 
in the ovaries of cycling animals. Striking, dynamic changes'have been foundL inhibin 
messenger RNA accumulation during the developmental maturation of the ovarian 
follicle. 

T HE PROGRESSrVE GROWTH, OWLA- 

tion, and luteinization of ovarian fol- 
licles are highly integrated processes 

coordinated by regulatory signals including 
steroid and peptide hormones from the 
brain, anterior pituitary, adrenals, and ova- 
ries. The two primary regulators of ovarian 
function are the pituitary gonadotropins, 
follicle-stimulating hormone (FSH) and lu- 
teinizing hormone (LH) (1). FSH and LH 
are usually secreted in tandem under the 
influence bf the hypothalamic peptide go- 
nadotropin-releasing hormone (GnRH) 
(2). However, normal physiological situa- 
tions exist where the secretion of FSH and 
LH are dissociable (3). 

FSH secretion can be specifically sup- 
pressed by the steroid-free portion of ovari- 
an follicular fluid in many species (4, 5 ) .  
Follicular fluid can inhibit both the primary 
and secondary FSH surges, as well as the rise 
in serum FSH concentrations that follows 
unilateral or bilateral ovariectomy (5, 6). 
Purification of this activity, termed inhibin, 
from follicular fluid resulted in the identi- 
fication of a heterodimeric glycoprotein, 

T. K. W M  and K. E. Mayo, Department of Bio- 
chemistry, Molecular Biology and Cell Biology, North- 
western Universig, Evanston, IL 60208. 
J. D'Apostino and N. B. Schwartz, Depamnent of 
Neurobiology and Physiology, Northwestern Universi- 
ty, Evanston, IL 60208. 

SCIENCE, VOL. 239 




