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Although the survival of neuronal cells is highly dependent on survival is regulated at least in part by connections with
neural connections with afferents or targets!®415 ittle is other target neurons. Thus, the neurons that had not made
known about the survival of immature neurons that have connections with others were used in the following experi-
not yet encountered the partners. Herein, using cultures of ment. A representative morphological change of the neuron is
isolated hippocampal neurons of rat embryos, we have  shown in Fig. 2A. This neuron gradually extended neurites
attempted to elucidate the contribution of neurite outgrowth until three DiV and underwent degeneration at four DiV. The
to neuron survival and found that neurons died at a certain data in Fig. 2Ba show the survival rate at two, three and four
degree of neurite length with apoptotic characteristics in DiV; the neurons were divided into three groups: Group 1,
cases of no contact with other neurons. The threshold was  neurons that died by three DiV; Group 2, neurons that died by
143.4pm, which was about five times as long as the cell  four DiV; and Group 3, neurons that survived up to and after
body diameter. It was altered by depolarization or in the four DiV. Changes in the neurite length are shown in Fig.
presence of basic fibroblast growth factor. Thus, neurons 2Bb. Group 1 possessed initially long neurites but subse-
may be designed to kill themselves if they cannot find their quently died. Group 2 possessed elongated long neurites

targets after exploration within a particular area, the extent and thereafter died. This is strongly suggestive of a threshold
of which is variable due to cellular conditions.© 2000 IBRO. in neurite length for death of approximately 1@f. In this
Published by Elsevier Science Ltd. context, the neurite length of Group 3 was always less than the

putative threshold. Hence, we attempted to calculate the
At the beginning of this study, we noticed that survival rate threshold more accurately.
of isolated neurons strictly depended on culture density  Neurite lengths of 266 neurons, randomly selected at two,
(Fig. 1, closed circle). When the density was higher than three and four DiV, are plotted as a cumulative frequency
10,000 cells/crfy the ratio of the number of surviving neurons  distribution (Fig. 2Bc), which closely conforms to a unimodal
at four daysn vitro (DiV) to the number of initially-dispersed ~ Gaussian distribution {=88.19, o =55.23). Thus, we
cells was constantly about 30%. However, lower culture defined the neurite threshold for death as the inflexion point
densities £5000 cells/cm) dramatically decreased the sur- of a decaying phase of the normal probability distribution
vivability. We computed the average interval of neurons, because frequency in the distribution decreases at an accel-
which was calculated by f@./density um (Fig. 1, broken  erating rate at this point. For the inflexion pojnin Gaussian
line). The estimated neuron—neuron distance appears to corredistribution P,
late inversely with the survival rate; larger spacing between
neurons caused less survivability. This suggests that the _ 1 _aifeze p—m\2
distance of target search of a developing neurite might be P = We o {(—) —1} =0
finite and restricted. i

We next monitored neuron survival and neurite elongation i, which case,

in a low culture density so that neurons would not be able to
make connections with others. Incidentally, under these con- o 1 _l(u)z
ditions, neurons that succeeded in contacting other neurons J ———e °\ 7/ dx=0.8414 (84.14.%).
had a better survival rate (37.5%=56) as compared with e ov2m

th% neurons that failed to meet others (20.9f=91) We then estimategd as the point 84.14% in the ordinate in
(x*=5.103, P=0.024), which again suggests that the rig >Bc. The value op was 143.4um, which is indicated by

a dotted line; it is also superimposed as a dotted line onto
*To whom correspondence should be addressed. F681-3-5841-4784; Fig. 2Bb. It should be noted that the neurite did not grow

fax: + 81-3-5841-4786. . Lo X
E-mail addressikegaya@tk.airmet.ne.jp (Y. lkegaya). beyond this threshold. The value is likewise superimposed

Abbreviations:bFGF; basic fibroblast growth factor; DiV, days vitro; onto Fig. 1 (indicated by a dotted line). At a neuron
MAP2, microtubule-associated protein. interval of 143.4um, the culture density was estimated to
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Fig. 1. Relationship between initial culture density of dispersed neurons and < Control
survival rate (closed circles). Estimated correlation of culture density with 100 ontro
average neuron—neuron distance was superimposed as a broken line. A
dotted line indicates the threshold of neurite length for degeneration 50 -
(143.4pm, see text). Note that there seems to be a strict correlation
between neuron interval and survival ratio and that two relationship curves
intersect almost at the threshold. Data represent me&t.M. of five to 0 ' - .
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DiVv

A.--
B a b c

o 100 =100

2 e g

o

g AL R S . g

@ N~ o

[ —4 o E

o 5100 =

£ % s / £ %0

= § 50 2

@ Z g

o

= o 04— - 9 o
2 3 4 2 3 4 = 0 100 200

Div DiV Axon length (pm)

Fig. 2. (A) Hoffman modulation photomicrographs of one neuron were
obtained at two (a), three (b) and four DiV (c). It gradually extended
neurites until three DiV and died at four DiV. (Ba) Survival rate at two,
three and four DiV is shown as a percentage of the value at two DiV
(n=91). (Bb) Neurons were divided into three groups, heurons that
died by three DiV (closed squares), neurons that died by four DiV (closed
triangle) and neurons that survived until four DiV (closed circles), and
changes in the neurite length are shown. Data represent m8af.M.

of 19-50 cases. (Bc) The distribution of neurite length for data obtained
from 266 neurons. The cumulative frequency refers to the proportion of the
total events. The threshold of neurite length for degeneration (348)4s
indicated by a dotted line in (Ba) and (Bc) (see text). Note that neurites in

Fig. 3. Facilitatory effect of K depolarization (A) or bFGF (B) on neurite
outgrowth. Neurons were cultivated in high*K or bFGF-containing
medium from two DiV to four DiV. (A) Neurite elongation in the presence
of 30 mM K* was significantly facilitated as compared to that in normal K
concentration (5.4 mM)H(2,99)=15.07,P < 0.001: two-way analysis of
variance;Q(3,99)=6.84,P < 0.01: Tukey's multiple range test]. (B) Neur-
ite outgrowth of the neuron treated with bFGF (1 ng/ml) was also exten-
sively acceleratedR(1,66)=13.51,P < 0.001,Q(3,99)=5.20,P < 0.01).
A dotted line on each panel indicates the threshold of neurite length for
degeneration (143.4m). Note that the neurite length after the exposure to
30 mM K* or bFGF crossed over the putative threshold at four DiV. Data
represent meart S.E.M. of 10—13 cases

be 4862 cells/cr which almost coincides with the critical
density that severely aggravated neuron survivability. There-
fore, thep value possibly serves as the threshold for neuronal
death.

The naturally-occurring degeneration of developing
neurons often exhibits apoptodi® Because the nuclear
pyknosis of dying or dead cells has apoptotic characteris-
tics, 1" we elucidated the nuclear morphology of neurons
which had extended neurites near or longer than the threshold,
using acridine orange stainifd.iving neurons with develop-
ing neurites displayed normal nuclear morphology (Fig.
2Ca,b). However, the condensed chromatin was observed in
degenerated neurons (Fig. 2Cc,d). The same results were
obtained in all tested cases= 27).

If the threshold of neurite length was categorical and unpre-
scribable, neurons would be unable to encounter their targets
located further apart than the threshold. However, the hippo-
campal neuronm vivo can find the partners even at distances
of >150um.1=3 This predicts that the threshold fluctuates
dynamically in response to environmental or surrounding
conditions. Numerous reports indicate that the rate of neuron
survival is improved by neuron activity (i.e. depolariza-
tion)”1118 or diverse neurotrophic and growth factérst?
Therefore, we evaluated the effect of" Klepolarization or

any group did not cross over the threshold. (C) Hoffman modulation images baSiC_ fibroblast growth f.aCt.O.r (bFGF)_ on neurite outgrowth.
(a,c) or acridine orange fluorescent images (b,d) of a live neuron (a,b) or a Neurite outgrowth was significantly driven in the presence of
degenerated neuron (c,d) at four DiV. (b) and (d) were obtained from the 30 mM K™*, and the neurite length at four DiV crossed over
same mi".rgsc;mpif fields of view oS I(a) %”d ©), rlesr’elcﬁve'y' Nf]tel that thg the threshold, while the neurite elongation of neurons culti-
neuron with developing neurite displayed normal nuclear morphology an . : - . .

g o o Jated in medium containing 20 mM Kdid not differ from

that the chromatin of the dead neuron was highly condensed. Scale bar: - : ] h
represent 2qum. that in normal K concentration (Fig. 3A). Chronic treatment
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with bFGF (1 ng/ml) also promoted neurite extension, and the investigations following the present study would help to
final reach of the neurite exceeded the threshold. These result®xplain the complicated and controversial mechanisms under-
suggest that cellular conditions and environmental stimuli lying developmental processes of the nervous system.
shift the threshold.

As a novel concept, the threshold in neurite length for death
has been proposed and actually determined by the behaviors EXPERIMENTAL PROCEDURES
of hippocampal neurons. Furthermore, we have also shown Hippocampal neurons were prepared from 18-day-old embryos of
that the neurons that reached the threshold underwentyyistar rats, as described previoushtéand were cultivated in serum-
apoptosis-like cell death. Thus, neurons might be forced to free Eagle’s medium (Nissui Pharmaceuticals, Tokyo, Japan) supple-
disappear if they failed to acquire their targets within certain mented with N2 hormone. The immunostaining for microtubule-
restricted space, because such neurons would disturb norma?ssocnated protein indicated tha®9% of cells were neurons under

- - . hese conditions. For measurement of neurite length, cells were dis-
development of the nervous system. From this point of view, persed at a density of 2500 cells/&Mleurons were randomly selected

theﬂvariable t_hreShOU may play a role in regulqting S_UfViV' at two DiV and photographed using an inverted microscope. Immedi-
ability according to circumstances and also manipulating the ately after the recording, the culture medium was changed to high K
behaviors of neurons individually, i.e. excluding undesired ©f bFGF-containing medium if necessary. The medium containing 20

: ot : : : . or 30 mM K" was prepared by iso-osmotic replacement of NBasic
neurons with mistimed neurites, allowing neurons with parti fibroblast growth factor was cotreated withu® nicardipine. The

cular neurites to survive, determining ?h_e extent of neurites same neurons were repeatedly photographed after 24 or 48 h, and
for a subset of neurons or even canalizing neurites. Furthertheir longest process was measured as neurite length.
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