
In order to determine the stability of 
the tetraploid state in culture, we estab- 
lished single cell clones of tetraploid 
cells. Flow cytometry of serially subcul- 
tivated tetraploid clones demonstrated 
that the cells remained tetraploid without 
reversion to the diploid state [Fig. 1, E 
and F]. 

A diploid set of chromosomes is the 
usual composition of the eukaryotic 
genome. The diploid state is maintained 
by the reproduction of DNA and separa- 
tion of chromosomes during the mitotic 
cycle. The emergence of an increasing 
percentage of nuclei with 4C DNA con- 
tent in association with normal aging and 
with hypertension may be due either to 
arrest at the G2 stage of the mitotic cycle 
or to the development of true tetraploi- 
dy. The presence of reproductively via- 
ble tetraploid cells in the normal rat aorta 
could represent a stem cell population 
that proliferates preferentially during 
normal aging and that can be significant- 
ly expanded by hypertension. Alterna- 
tively, the increased frequency of these 
cells may be due to continuous conver- 
sion of diploid cells with an abnormal 
mitotic mechanism to the state of tetra- 
ploidy (5) .  The role of tetraploid smooth 
muscle cells in normal growth, aging, 
and disease is still unknown. Further 
characterization of the tetraploid cell 
population including its growth kinetics 
and interaction with diploid cells may 
increase our understanding of cellular 
polyploidy and of vascular physiology. 
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Serotonin Selectively Inhibits Growth Cone Motility and 
Synaptogenesis of Specific Identified Neurons 

Abstract. The motile activity of growth cones of specific identified neurons is 
inhibited by the neurotransmitter serotonin, although other identified neurons are 
unaffected. As a consequence, affected neurons are unable to form electrical 
synapses, whereas other neurons whose growth is unaflected can still interconnect. 
This result demonstrates that neurotransmitters can play a prominent role in 
regulating neuronal architecture and connectivity in addition to their classical role in 
neurotransmission. 

The characteristic morphology and re- 
sultant connectivity of adult neurons is 
due to the combined action of precisely 
timed intrinsic and extrinsic signals on 
individual neurons (I). Extrinsic signals 
arising from neighboring neurons can 
regulate neuronal architecture (2) ,  al- 
though proximate regulatory agents are 
not yet defined. One suggestion is that 
"trophic" substances released from 
some nerve terminals can control the 
growth of adjacent neurons (3). In light 
of the demonstration that neurotrans- 
mitter can be released from growth 
cones of growing neurons in culture (4), 
a candidate for such a regulatory agent is 
the classical chemical transmitter itself 
(5). We now report that the neurotrans- 
mitter serotonin can inhibit neurite out- 
growth. We demonstrate a growth inhibi- 
tion specific to individual growth cones 
by a time-lapse study of the large identi- 
fied neurons of the snail Helisoma. We 
also demonstrate that this inhibitory ac- 
tion of serotonin prevents the formation 
of electrical synapses between specific 

identified neurons with overlapping out- 
growth, while connections between neu- 
rons whose growth cones are unrespon- 
sive to serotonin continue to form (6). 

These experiments were performed on 
buccal ganglion neurons 5 and 19 and on 
pedal ganglion neuron P5, all of which 
have been studied in terms of growth and 
connectivity (6, 7). Individual neurons 
were removed from ganglia of adult 
snails and plated in cell culture (8, 9) ,  
where neurons undergo a characteristic 
sequence of outgrowth. Growth cones 
arise from the cell body and elaborate an 
extensive network of neurites for 3 to 4 
days until a morphological steady state is 
attained (6). 

The behavior of growth cones of indi- 
vidual identified neurons is readily ana- 
lyzed by time-lapse low-light video mi- 
croscopy (10). The activity of growth 
cones from Helisoma neurons character- 
istically consists of a probing of the 
environment by filopodia and a ruffling 
action of lamellipodia. Concurrently, the 
neurite extends continuously at a nearly 
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constant rate (Fig. 1A). At the end of the 
growth period a quiescent phase nerve 
terminal results that is characteristically 
bright and shows essentially no motile 
activity. 

Serotonin (Sigma) has a neuron-specif- 
ic inhibitory effect on neurite outgrowth. 
Initially we examined this phenomenon 
by adding a 40-p1 dose of serotonin (final 
concentration of to 5 x ~ O - ~ M )  to 
the culture medium. In the neurons 19 
studied by this method, nine of ten cells 
treated with a range of concentrations 
from to 5 x ~ o - ~ M  serotonin 
showed an abrupt cessation of filopodial 
probing, a decrease in ruffling action, a 
decrease in the surface area of the 
growth cone, and, most strikingly, an 
inhibition of neurite elongation (Fig. 1A). 
Serotonin significantly reduced ( t  = 
5.55, P < 0.0005) neuron 19's rate of 
outgrowth from 1 1.32 a 4.67 pmlhour 

(mean & standard deviation, n = 11 
growth cones) to -0.12 a 4.99 pmlhour 
(n = 11 growth cones) (11). Exposure to 
carrier medium (50 percent L-15) (8) or 
to medium adjusted to the pH of the 
serotonin solution did not cause any of 
these growth inhibitory effects. Neuron 
19 in cell culture may have several dozen 
growth cones on its different neurites. 
Serotonin causes a systemic inhibition of 
all growth cones when applied to culture 
medium at concentrations at or above 
10 - '~ .  In contrast, serotonin has no 
effect on neuron 5 (n = 10 growth cones 
from seven neurons) even at concentra- 
tions of 5 x ~ o - ~ M .  The growth cones of 
neuron 5 retained their normal structural 
features and continued to advance over 
the substrate; the rate of elongation 
(15.75 a 2.99 pmlhour, n = 10 growth 
cones) being unaffected by serotonin 
(15.55 a 3.64 pmlhour, n = 10 growth 

Time 

Neuron 

Fig. 1. Photomicrographs of the behavior of intact (A) and isolated (B) growth cones from 
identified neurons in cell culture. (A) Intact growth cones that are connected to the neuron (not 
shown) displayed at frame intervals of 40 minutes. Intact growth cones produce neurite 
outgrowth at a constant rate before serotonin treatment. Application of serotonin (arrows) 
inhibits the neurite outgrowth of neuron 19 (top) but has no effect on neuron 5 (bottom). (B) A 
growth cone of neuron 19 isolated by severing the interconnecting neurite with a micropipette 
(scratch, BI). Isolated growth cones are inhibited by pipette application of serotonin (B2), but 
after withdrawal of the pipette they resume their characteristic activity (B3). Serotonin's effects 
on isolated and intact growth cones are virtually indistinguishable, indicating that the growth 
cones of neuron 19 are directly responsive to serotonin. Calibration bar, 10 pm. 

cones) (Fig. 1A). Thus, serotonin specifi- 
cally inhibits the motile activity of neu- 
ron 19's growth cones without affecting 
the growth cones of neuron 5. 

To determine the site responsible for 
mediating the growth inhibition seroto- 
nin was focally applied to specific areas 
of membrane of neuron 19 while the 
motile activity of its growth cones was 
monitored. In these experiments it was 
important to apply serotonin for short 
periods of time (less than 50 minutes) to 
minimize its dispersal throughout the 
culture medium and thus effectively re- 
tain the focal nature of application. Be- 
cause of this time constraint it was not 
possible to analyze the rate of neurite 
elongation quantitatively; instead the in- 
hibitory actions of serotonin were as- 
sessed by observing the accompanying 
structural changes of neuron 19's growth 
cones. A growth-inhibitory response to 
serotonin (applied from a micropipette 
containing to 10-'M serotonin; wa- 
ter pressure head, 7 cm; tip diameter 
<10 pm was detected only when the 
serotonin-containing pipette was placed 
adjacent to the growth cone. This 
growth-inhibitory response characteristi- 
cally consisted of filopodial and lamelli- 
podia1 retraction and a decreased surface 
area of the growth cone. Application of 
serotonin directly to growth cones al- 
ways (n = 10) inhibited motile activity 
(12), an effect which was reversed on 
withdrawal of the pipette. Focal applica- 
tion of serotonin to a neurite or to the 
soma (n = 7), on the other hand, never 
caused such inhibitory effects. 

It is possible to show the autonomous 
reaction of the growth cone to serotonin 
more dramatically by isolating these or- 
ganelles from the cell proper. By sever- 
ing the interconnecting neurite with the 
tip of a glass micropipette, one produces 
a viable isolated grpwth cone (13). Pi- 
pette application of serotonin to such 
isolated growth cones of neuron 19 al- 
ways resulted in the reversible retraction 
of filopodia and lamellipodia and de- 
creased extension activity (n = 8) (Fig. 
1B). Thus, the growth cone itself can 
detect serotonin and transduce this re- 
sponse into a growth-inhibiting effect. 
Although this does not exclude addition- 
al contributions from the rest of the cell, 
it seems reasonable to regard the growth 
cone, in this respect, as an autonomous 
organelle. 

The processes of growth and synapto- 
genesis are intimately intertwined. Since 
Helisoma neurons must be in an active 
growth state to form electrical synapses 
(6), we reasoned that serotonin may pre- 
vent the formation of these connections 

SCIENCE, VOL. 226 



by virtue of its growth-inhibitory charac- 
teristics. As a simple test, neurons 5 and 
19 were plated in cell culture under con- 
ditions known to result in the formation 
of electrical connections (6); additionally 
serotonin (10-6M) was added to the me- 
dium (day 1) specifically to inhibit fur- 
ther outgrowth of neuron 19. Later, after 
the unaffected, growing neurites of neu- 
ron 5 had overlapped the steady-state 
neurites of neuron 19 (Fig. 2A), the re- 
sultant connectivity was determined 
(days 3 and 4). In the presence of seroto- 
nin, neuron 19 never formed electrical 
connections with neuron 5 (mean cou- 
pling coefficient 0.00 + 0.00, n = 7) 
(Fig. 2B) (11, 14), whereas in control 
cultures electrical connections always 
formed (0.18 + 0.04, n = 9) (Fig. 2B) 
(15). In contrast, serotonin did not pre- 
vent the formation of electrical connec- 
tions between pairs of neuron 5, as 
would be predicted from this neuron's 
resistance to serotonin's growth effects. 
In the presence of serotonin, pairs of 
neuron 5 always formed electrical con- 
nections (0.31 + 0.09, n = 5) (Fig. 2B). 
Given the previous demonstration that 
Helisoma neurons must be in an active 
growth state to form electrical connec- 
tions (6) these data indicate that by inhib- 
iting neurite outgrowth, serotonin is able 
to prevent neuron 19 from forming elec- 
trical connections with other neurons 
that are themselves competent to inter- 
connect. 

Serotonin's effects are not restricted 
to neuron 19. We have examined the 
response of another neuron, P5. Rather 
than a total immobilization, as with neu- 
ron 19, or no effect, as with neuron 5, 
serotonin can transiently inhibit P5's mo- 
tile activity (16). This range of effects 
makes it plausible that, as is the case in 
chemical synaptic transmission, the na- 
ture of the transmitter's effect on out- 
growth resides largely in the target neu- 
ron. Perhaps as more neurons are exam- 
ined some will be found whose growth is 
even enhanced by serotonin. 

Although serotonin's locus of action 
seems restricted to the growth cone, the 
precise linkage with motility could take 
several forms; it may act by second 
messengers such as adenosine 3',5'-mo- 
nophosphate (cyclic AMP) or by altering 
transmembrane ion fluxes. Given the un- 
certainties of pharmacologically manipu- 
lating molluscan neurons, the best reso- 
lution to this question may come from 
direct measurements of both of these 
candidates. At the other extreme from 
questions of cellular mechanisms is the 
role of neurotransmitters in regulating 
growth in adult nervous systems. Seroto- 

nin has been proposed to have a regula- 
tory role in neurogenesis (17). Could 
appropriately located release sites of sero- 
tonin in situ also regulate the quantity of 
neurite outgrowth and the actual form of 
a dendritic tree? Perhaps this is the basis 
for the kinds of effects seen on the plas- 
ticity of neuronal connections in the ver- 

tebrate visual system by another mono- 
aminergic neurotransmitter, noradrena- 
lin (18). 

Numerous investigations have demon- 
strated that macromolecules can play 
important roles in the elaboration of neu- 
ronal architecture and connectivity. Our 
demonstration that a neurotransmitter is 

Fig. 2. Serotonin prevents the formation of specific electrical connections. (A) Serotonin 
(10-6M) was added to the medium (day I) to inhibit the outgrowth from the previously growing 
neuron 19. Serotonin was added before neuron 19 began to overlap with the growing neurites of 
neuron 5 (top). By day 3 there was little additional outgrowth of neuron 19 compared with a 
major elaboration of the arbor of the neurons 5 (bottom). This continued outgrowth of neuron 5 
caused an extensive overlap of neurites between both neurons 5 and between neurons 5 and 19. 
(B) Direct current applied intracellularly to neuron 5 does not pass into neuron 19 but does pass 
into the paired neuron 5. Thus, serotonin's inhibition of outgrowth of neuron 19 thereby 
prevents the formation of specific electrical connections. Calibration: Horizontal, 2 seconds. 
Vertical left: neuron 19, 5 mV; neuron 5, 20 mV; vertical right: top neuron 5, 10 mV; bottom 
neuron 5, 20 mV. 
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able to regulate growth and, consequent- 
ly, connectivity indicates that rather 
common simple molecules may also play 
prominent roles in regulating the pattern 
of neuronal connectivity. 
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Extrapulmonary Gas Exchange 
Enhances Brain Oxygen in Pigeons 

Abstract. Blood in mouth, nose, and eye tissues of birds cools by evaporation, then 
j ows  to a cephalic vascular heat exchanger, the ophthalmic rete. There, acting as a 
heat sink, blood from the evaporative surfaces cools arterial bloodjowing counter- 
current to it toward the brain. The brain thus remains cooler than the body core. 
Data for unanesthetized domestic pigeons (Columba livia) suggest that in addition to 
losing heat, blood perfusing the evaporative surfaces also exchanges oxygen and 
carbon dioxide with air. In the heat exchanger, this blood apparently gives up oxygen 
to, and gains carbon dioxide from, arterial blood. The consequent increase in oxygen 
and decrease in carbon dioxide in the brain's arterial blood enhance diffusion of 
these gases in, and oxygen supply to, the brain. Such events may help birds maintain 
the brain's oxygen supply during the high systemic demand of exercise and at the 
reduced oxygen availability of high altitude. 

Evaporation from mouth, nose, and 
eye surfaces in birds cools the blood 
flowing just beneath these surfaces. The 
cooled blood then courses to the oph- 
thalmic rete (OR), a network of small 
arteries and veins caudal to each eye 
(Fig. 1). Arterial blood in the OR con- 
ducts heat to venous blood flowing coun- 
tercurrent to it, then proceeds to the 
brain at reduced temperature. This pro- 
tects the brain from overheating when 
body temperature rises during exercise 
or high temperature exposure (I). 

Oxygen and carbon dioxide tensions 
(Po2 and Pco2) in avian arterial blood at 
sea level are about 85 and 30 torr, com- 
pared to 159 and 0 torr in air (2). Blood 
circulating in the dense vascular beds 
beneath the moist cephalic surfaces must 
therefore encounter large gradients for 
these gases, and it seemed reasonable to 
infer that air and blood at these surfaces 
might exchange O2 and Cop,  as well as 
water vapor and heat. Venous blood 
flowing to the OR would then not only 
have a lower temperature but would also 
have an increased Po2 and a reduced 
Pco2. Our preliminary calculations indi- 
cated that Po2 and Pco2 in the OR veins 
would be higher and lower, respectively, 
than in OR arteries, suggesting that the 
OR is a site of O2 diffusion from venous 
to arterial blood, and of C 0 2  diffusion in 
the opposite direction, as well as a site of 
heat exchange. Furthermore, as shown 
in Fig. I ,  changes in temperature, P c o ~ ,  
and pH would affect hemoglobin 0 2  

binding in a manner conducive to both 
O2 loading at the moist surfaces and 0 2  

transfer from venous to arterial blood in 
the OR (3). 

The data presented here support this 
idea. They show that Po2 in cerebral 
arterial blood of domestic pigeons (Co- 
lumba livia: mean mass, 0.34 kg) is great- 
er than in carotid arterial blood and 
suggest that the Po2 difference is corre- 
lated with the extent to which cephalic 
mucosal surfaces contact air. An elevat- 

ed Po2 in cerebral arteries would in- 
crease the Po2 in brain capillaries, im- 
proving O2 diffusion to tissue. If arterial 
O2 saturation also increases, total 0 2  

flow to brain would also increase. 
To test the idea, we compared gas 

tensions in arterial blood before it en- 
tered the OR (pre-OR) and after it left the 
OR (post-OR) to determine whether en- 
hancement of gas exchange occurs in the 
OR itself. Pre-OR arterial gas tensions 
were measured in carotid blood. Howev- 
er, post-OR arteries were inaccessible 
for sampling. We therefore reasoned that 
gas tensions in cerebrospinal fluid (CSF) 
sampled near the lateral ventricle's cho- 
roid plexus, a site of CSF formation (4), 
would represent corresponding values in 
choroid plexus blood, at least some of 
which comes from the OR. Accordingly 
anaerobic samples of CSF and arterial 
blood were simultaneously sampled from 
unanesthetized birds, and Po2, Pco2, 
and pH were measured (5). 

Figure 2 shows results for 11 control 
birds at room temperature (experiment 
1). Variances for mean differences were 
not significantly different from each oth- 
er; we therefore used t-tests for compar- 
ing means. The mean Po2 of the CSF 
was 114 torr ( t 3  standard deviation). 
This is 39 percent greater [t(10) = 24.8; 
P < 0.00011 than the mean Po2 in carotid 
blood [82 torr (&3)]. We also found that 
Pco2 was significantly lower in CSF 
[23.3 torr (t2.2)] than in carotid blood 
[3 1.4 torr (&2.3)], a 26 percent decrease 
[t(10) = -8.5, P < 0.00011. The changes 
in cerebral arterial Po2 and Pco2 make 
possible increases in 0 2  diffusion to and 
C 0 2  diffusion from brain tissue. 

Our results may also be explained by 
possible carbonic anhydrase activity in 
the ependymal cells of the choroid plex- 
us. It has been suggested that the epen- 
dymal carbonic anhydrase reaction pro- 
duces HCO;, which moves into CSF, 
and H', which enters choroid capillary 
plasma (6). Erythrocytic bicarbonate 
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