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By the end of the first week in culture, hippocampal
neurons
have established
a single axon and several dendrites.
These
2 classes of processes
differ in their morphology,
in their
molecular composition,
and in their synaptic polarity (Bartlett
and Banker, 1984a, b; Caceres et al., 1984). We examined
the events during the first week in culture that lead to the
establishment
of this characteristic
form. Hippocampal
cells
were obtained from 18 d fetal rats, plated onto polylysinetreated coverslips, and maintained
in a serum-free
medium.
The development
of individual
cells was followed
by sequential photography
at daily intervals until both axons and
dendrites
had been established;
identification
of the processes was confirmed by immunostaining
for MAPS, a dendritic marker. Time-lapse
video recording was used to follow
the early stages of process formation.
Hippocampal
neurons acquired
their characteristic
form
by a stereotyped
sequence
of developmental
events. The
cells first established
several, apparently
identical,
short
processes.
After several hours, one of the short processes
began to grow very rapidly; it became the axon. The remaining processes
began to elongate a few days later and
grew at a much slower rate. They became the cell’s dendrites. Neurons that arose following mitosis in culture underwent this same sequence of developmental
events. In a few
instances, 2 processes from a cell exhibited the rapid growth
typical of axons, but only one maintained
this growth; the
other retracted and became a dendrite. Axons branched primarily by the formation of collaterals,
not by bifurcation
of
growth cones.
As judged by light microscopy,
processes
are not specified as axons or dendrites
when they arise. The first manifestation
of neuronal
polarity is the acquisition
of axonal
characteristics
by one of the initial processes;
subsequently
the remaining
processes
become dendrites.

Under specialcircumstances,it is possibleto observethe growth
of living axons and dendrites in situ (Speidel, 1941, 1942;Eisen
et al., 1986; Purves et al., 1986), but our understandingof the
dynamic propertiesof developing neurites derives in great part
from studies of cells in tissueculture (e.g., Bray, 1970, 1973;
Yamada et al., 1970). Such work has elucidated much about
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the behavior of growth conesand the mechanicsof fiber elongation (e.g., Landis, 1983; Bray and Chapman, 1985;Bamburg
et al., 1986) aswell asabout the modulation of theseprocesses
by the environment (Letoumeau, 1975a,b; Gundersonand Barrett, 1980; Pate1and Poo, 1984).
The great majority of this work has been undertaken with
cultures of neurons obtained from the PNS. Although the cell
biological mechanismsunderlying processoutgrowth are likely
sharedby most classesof nerve cells, important featuresof the
development of central neuronsare not exhibited by PNS cells.
For example, at the stagetypically employed for such studies,
all of the processesof peripheral neuronsappear similar to one
another. By contrast, most CNS cellselaborate2, quite distinct,
classesof processes,axons, and dendrites, which differ profoundly in shapeand function. How is it that thesemore complex cells acquire their distinctive axonal and dendritic architecture?
To addressthis question, we have studied in cell culture the
development of CNS neuronsderived from the embryonic hippocampus. Previous work has shown that, by the end of the
first week in vitro, hippocampal cells have developedwell-differentiated axonal and dendritic domains(for review, seeBanker
and Waxman, 1987). The 2 types of processes
differ from each
other in morphology (Bartlett and Banker, 1984a,b), in capacity
for protein synthesis(Davis et al., 1987), in certain of the molecular constituentsof their cytoskeletons(Cacereset al., 1984,
1986;Shawet al., 1985)and of their plasmamembranes(Banker
and Mazurkiewicz, 1982),and in synaptic polarity (Bartlett and
Banker, 1984b)-just asdo their counterpartsin situ. Dendrites
are relatively short, tapering processesthat contain polyribosomesand synthesizeproteins. MAP2 is associatedwith their
cytoskeletons,and bungarotoxin-binding sitesare expressedon
their surfaces.Axons-long, thin, and relatively uniform in diameter-lack polyribosomes,MAP2, and bungarotoxin receptors, but contain synaptic vesicle-associatedproteins (Lindsley
et al., 1987)and in somecasesa distinctive neurofilament subunit (Shaw et al., 1985). Dendrites in hippocampal cultures are
exclusively postsynaptic, axons are presynaptic.
The present paper is concernedwith early events in the development of axons and dendrites in culture. By what sequence
of morphological events are hippocampalneuronstransformed
from apolar neuroblaststo polarized cells with distinct axonal
and dendritic processes?
We have addressedthis question by
following individual hippocampal cells throughout the course
of their development in culture. To our knowledgetheseare the
first observations of theseevents in living CNS neurons.
Materials
and Methods
Cell culture. To permitlong-termobservationof living cellsunderac-

ceptableopticalconditions,specialculturedishes
wereused.Thesewere
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prepared from plastic petri dishes with tight-fitting lids (Falcon 1006)
by drilling a 16 mm hole in the bottom and attaching an acid-cleaned
glass coverslip (22 mm in diameter) to the outer surface of the dish with
a mixture of paraffin and Vaseline (3: 1). A glass ring, 18 mm in diameter
and 5 mm deep (Thomas Scientific), was sealed to the inside of the dish
with silicone grease, forming a 1 ml well above the coverslip. The inner
surface of the coverslip was treated with polylysine, rinsed with water,
and the well was filled with medium.
Methods for preparing the hippocampal cell cultures have been previouslv described (Banker and Cowan. 1977: Bartlett and Banker, 1984a).
Briefly, hippocampi were dissected from the brains of 18 d rat fetuses,
treated with 0.25% trypsin for 15 min at 37”C, washed in Ca-Mg-free
Hanks’ balanced salt solution, and dissociated by repeated passage
through a constricted Pasteur pipette. Between 2000 and 6000 cells were
added to the special culture dishes in Minimun Essential Medium (MEM)
containing 10% horse serum. After 3-4 hr at 37”C, when the cells had
attached to the substrate, the media was replaced with MEM, supplemented with 10 mM HEPES (pH 7.3), pyruvate (0.01 mg/ml), and the
N2 mixture of Bottenstein and Sato (1979). To enhance neuronal survival (Banker, 1980) a coverslip containing a confluent monolayer of
astroglial cells (Booher and Sensenbrenner, 1972) was placed on the top
of the glass ring, with the glia facing the neurons.
Observations of living neurons. Cultures were observed using a Zeiss
IM35 inverted microscope. The temperature was maintained at approximately 37°C using an air curtain incubator (Sage Instruments).
In one series of experiments, the development of individual cells was
followed at daily intervals. After 24 hr in vitro, cells were selected and
circled with a diamond object marker so that they could be relocated.
They were then photographed and the cultures were returned to a CO,
incubator. Cells were rephotographed at intervals of about 24 hr for 1
week.
In a second series of experiments, time-lapse recordings were made
using a Dage-MT1 camera (Model 67M) equipped with a Newvicon
tube and a Panasonic video recorder (Model AG-6050). Recordings
were made using phase-contrast optics with 16 or 25 x objectives with
illumination from a 100 W tungsten source passed through a green filter.
The recordings were begun about 4 hr after plating and maintained
continuously for 3040 hr.
Immunocytochemistry. In some instances, cells that had been followed photographically or by time-lapse recording were stained to localize MAP2, a neuron-specific microtubule-associated protein that is
restricted to the somatodendritic domain (Caceres et al., 1986). Cells
were marked by inscribing a circle on the bottom of the glass coverslip
with a diamond object marker. The cells were then fixed and, after the
coverslip was gently pried from the dish, were processed for immunocytochemistry using the peroxidase-antiperoxidase
procedure, as previously described (Caceres et al., 1984, 1986).
Measurement ofgrowth rate.The rate ofgrowth of neuronal processes
was measured from drawings of the cells, using a digitizing tablet (GTCO)
and appropriate software (SigmaScan, Jandel Scientific). For cells that
had been followed by photography, prints were prepared at a consistent
magnification and tracings made from the prints. By superimposing
tracings from successive photographs, it was possible to identify individual processes with certainty and to follow their growth and branching.
For cells that had been followed by video recording, tracings were made
directly from the video monitor at intervals of 1 hr.

Results
Origin of axons and dendrites
After growth for 7 d in culture, individual hippocampalneurons
reproducibly display a characteristic shape:they have a single,
long axon of relatively uniform diameter, and several shorter,
tapering dendrites (Bartlett and Banker, 1984a). The objective
of the first set of experiments in the present study was to determine the sequenceof developmental events during the first
week in culture that leadsto the establishmentof this characteristic morphology.
Individual cells in low-density cultures were selectedafter 1
d in culture and photographed.The samecellswere subsequently relocatedand photographedat daily intervals until definitive
axons and dendrites could be identified. By analyzing each sequenceof photographsretrospectively, it waspossibleto deter-
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mine which of the early processesgave rise to the definitive
axons and which to the dendrites. In all, 17 cellswere studied
in this manner; of these, 11 were suitable for detailed measurementsof processgrowth.
All of the cells observed underwent the samebasic seriesof
developmental changes.The cell illustrated in Figure 1 is, in
most regards,typical. After 1 or 2 d in culture, asfirst described
by Banker and Cowan (1977) most cells are asymmetric in
shape: they have a single, long “major” processand several
“minor” processesof much shorter length. At this stage,the
major processaveraged 80-100 pm in length and the minor
processes10-l 5 pm. The mean number of minor processes,
measuredat 24 hr, was 4.9 (n = 17). The time of appearance
of this morphology varied somewhatamongdifferent cells,even
within the same culture. The majority of cells had a clearly
distinguishablemajor processafter 24 hr in culture, but some,
such as the cell illustrated in Figure lA, had only minor processes;
by 48 hr nearly all cellshad one major processand several
minor processes(Fig. 1B).
How are the major and minor processesrelated to the axons
and dendrites that can be definitively identified at later stages
of development? Figure 1, C-E, which illustratesthe development of this samecell after 3, 5, and 7 d in culture, showsthat
with continued growth the major processacquired all the morphological featurescharacteristic of axons in culture, and that
the minor processesacquired dendritic characteristics,as defined in previous studies (Bartlett and Banker, 1984a). These
featureswererecognizableby 5 d, and obvious by 7 d. Following
its emergenceon day 2, the axon continued to elongaterelatively
rapidly, reaching 300 pm from the somaby day 7. At least 4
branchescould be identified (Al-A4), emergingfrom the main
axon betweendays2 and 6. One ofthese branches(A 1)retracted,
while the others continued to elongate,somereachingdistances
farther from the soma than the tip of the parent axon. Several
of the axonal branchesof this cell (A3, A4, A3- 1) arosenot by
bifurcation of the axonal growth cone, but as collaterals that
emergedfrom the main process2 or 3 d after the passageof the
axonal growth cone. The mode of origin of the other branches
(Al and A2) could not be determined from the data available,
since growth of the parent axon and the emergenceof these
branchesboth occurred in the interval betweenthe photographs
taken on days 1 and 2 (Fig. 1, A, B). In general, most axonal
branchesin thesecultures aroseby collateralization. From observations of 19 cells in which branching occurred (including
cellsfollowed by video recording; seebelow), unambiguousinstancesof collateral branching were seenin 16 cases.
Betweenday 2 and day 4, when the axon of the cell illustrated
in Figure 1 was growing rapidly and branching, there was relatively little changein the length or appearanceof the minor
processes.Theseprocesses
beganto elongateon day 5, reaching
lengths of up to 75 Km on day 7. By this stagethey exhibited
the taper characteristic of dendrites; this was most obvious in
the longer processes,such as Dl (seealso Fig. 3).
The ratesof elongationof the major processand its branches,
and of several of the minor processesof the cell illustrated in
Figure 1, are quantified in Figure 2. From day 2, when the axon
could first be distinguished,it grew at an averagerate of about
60 pm/d, at least 5 times faster than the rate of growth of the
mostrapidly elongatingdendrite. All of the branchesthat emerged
from the axon alsogrew at about this rate. None of the dendrites
exhibited significantnet elongationduring the first 4 d in culture.
Subsequently,they elongatedat ratesof about 12 pm/d. On the
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Figure 1. Series of phase-contrast photomicrographs illustrating the development of axonal and dendritic arbors by a single hippocampal neuron.
The growth rate of several of the processes (01-03 and A) is quantified in Figure 2. A, After 1 d in culture, the cell had developed several short
processes which resembled one another in morphological appearance. B, On the second day in culture, one of the processes (A) elongated considerably
more than the others, giving the cell the appearance typical of young hippocampal neurons in culture, with a single, long major process and several
minor processes. Two branches emerged from the major process (Al and A2). C, After 3 d in culture, the major process had elongated still further,
while the minor processes remained essentially stationary. One of the branches of the major process (A2) also elongated considerably; the other
(Al) did not. D, After 5 d in culture, the identity of the cells’ processes had become clear: the major process had become the axon, the minor
processes dendrites. The axon (A) and one of its collaterals (42) had elongated still further; another collateral (AI) retracted, and a new collateral
(43) formed. The dendrites also had begun to elongate. E, After 7 d in culture, the axon and its branches had elongated still more, and 2 new
branches had formed (43-1, M). The dendrites had also elongated significantly, some at a faster rate than others. Axons from neighboring cells
contacted and grew along some of the cell’s processes so that they could not be traced and measured unambiguously. All photomicrographs are at
the same magnification. Scale bar, 20 Grn.
basis of the rate of growth, aswell asof morphological

appear-

ance, every processfrom this cell expressedcharacteristics of
either an axon or a dendrite; no processes
grew at intermediate
rates.
Drawings illustrating
the development
of a second cell are
shownin Figure 3A. On day 1, this cell had only minor processes
(not shown); by day 2, a single axon that already exhibited
extensive branching had emerged.By day 4, the axon had elongated further, and additional branchesthat arose by collateralization could be seen(Fig. 3A, asterisks).By this stage,one of
the minor processes(dendrite 2) had begun to elongate and to
take on the appearanceof a dendrite. By day 7, the axon had

becomemuch more elaborately branched and several dendritic
processescould be distinguished. To verify that the processes
derived from the major and minor processesof this cell were
indeed axon and dendrites, the cell was fixed on day 7 and
immunostained to demonstrate the localization of MAP2, a
dendritic marker. As expected, on the basisof morphology and
growth rate, the processidentified as the axon showedlittle or
no MAP2 immunoreactivity. Six of the 7 minor processespresent on day 2 persistedand becamedendrites, asjudged by their
morphology and MAP2 staining.
As is common for hippocampal neuronsin culture, the axon
of this cell arose as a branch from a short processthat had
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dendritic characteristics, including MAP2 immunoreactivity.
The other branch arising from this point (arrowheads, Fig. 3)
had dendritic features. This organization was already apparent
at day 2 (Fig. 3A); from this stage on, one of the branches that
arose at this point grew rapidly and branched like an axon; the
other grew much more slowly and took on dendritic characteristics.
The average rate of process elongation between 1 and 7 d in
culture, based on an analysis of 11 cells, is summarized in Figure
4, which illustrates the length between the cell body and the
distal tip of the axon and of the longest dendrite. On average,
the axon had reached a distance of 40 pm from the soma after
1 d in culture and then elongated by about 70 wm/d for the next
few days. Later its elongation slowed somewhat. Significant dendritic elongation began between days 3 and 5; the most rapidly
growing dendrites elongated at an average rate of about 12 pm/
d between day 5 and day 7.
Early events in the establishment of polarity
The preceding observations show that hippocampal neurons
become polarized within the first 2 d in culture. At that time
they typically have a single long axon and several shorter, minor
processes that will subsequently elongate to become the cell’s
dendrites. What is the sequence of developmental events occurring during the first 2 d in culture that leads to the acquisition
of this shape? To address this question, we made continuous
time-lapse video recordings of individual cells, beginning a few
hours after plating and continuing for 18-44 hr, until the cells’
polarity was definitively established. Our data include complete
recordings of 9 cells, as well as recordings of many other cells
that illustrate portions of the developmental sequence. On this
basis it was possible to distinguish 3 stages of development
leading to the establishment of polarity: (1) formation of lamellipodia, (2) outgrowth of minor processes, and (3) transformation of one of the minor processes into the axon. We will
first describe the typical morphology of cells at each of these
stages of development, and then trace the history of individual
cells during the establishment of polarity.
Figure 5 shows a single neuron that was photographed at each
of these stages of development. When introduced into culture,
cells lack processes and are essentially spherical; attachment
occurs during the first hour or 2 (Banker and Cowan, 1977).
The first change in the cell’s appearance was marked by the
development of lamellipodia around the circumference of the
cell body (Fig. 5A). These flat, veil-like structures were constantly in motion, extending, undulating, and retracting, so that
their shape changed from minute to minute. Sometimes the
lamellipodia extended around the entire circumference of the
cell; at other times they coalesced into a few discrete zones
around the periphery.
The second phase of development was marked by the loss of
lamellipodia and the extension of short net&es, which we have
designated minor processes. These were quite different from
lamellipodia in their morphology and behavior. Minor processes appeared to be cylindrical in cross section, not flattened,
although they frequently had expanded, flattened, growth cones
at their tips. Once established, minor processes were quite stable;
they might increase or decrease in length, but they typically
persisted for days. Regions of minor processes exhibiting motility were confined to lateral microspikes and, during periods
of extension, to growth cones. Immunofluorescence experiments
showed that minor processes contained arrays of microtubules
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Figure 2. The rate of advance of the axon (A), 3 axonal branches (A2,
A3. A3-I), ,_and 3 dendrites (01-3)
.
, from the cell shown in Figure 1. The
axon and its branches advanced at approximately 5-10 times the rate
of the dendrites. Two of the axonal branches, A3 and A3-1, arose by
collateral branching (on days 3 and 6, respectively) from points along
the parent processes that had formed l-2 d previously (dashed lines).
Lengths were measured from the cell body along the neurites to their
tips.
oriented parallel to their long axis; lamellipodia contained a
predominance of actin filaments, with only occasional, unoriented microtubules (unpublished observations). Thus, although
the minor processes were quite short-on average about 10 pm
in length-they exhibited definitive features of neurites, quite
distinct from those of lamellipodia.
At early stages, processes that were transitional in appearance
between lamellipodia and minor processes were observed. These
were typically expanded and flattened proximally, but took on
a neuritic appearance more distally (arrows, Fig. 5B). With time
the lamellipodial features were lost entirely (compare Fig. 5, B
and C).
The establishment of polarity in hippocampal neurons was
marked by the transformation of one of the minor processes
into the axon (Fig. SC’). This did not involve an obvious change
in its appearance, but simply a marked increase in its rate of
elongation. The newly formed axon had many microspikes along
its length and a prominent growth cone at its tip. All of these
structures were highly motile-forming,
moving, then disappearing.
Figure 6 illustrates the development of 4 cells that were recorded continuously, beginning 4 hr after plating and continuing
for 42 hr. Each of these cells went through the sequence of
developmental changes described above, but the time when
these events occurred varied considerably from cell to cell. We
will first describe the development of cells 1 and 2, since they
exemplify the typical sequence of events observed during the
establishment of polarity. We will then consider cells 3 and 4,
which illustrate variations from the typical pattern.
When the recording was begun (4 hr after plating), cell 1 had
just begun to extend minor processes (Fig. 6A); these reached
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Figure 3. Another example of axonal and dendritic outgrowth by a hippocampal neuron in culture. A, Drawings taken from photomicrographs
after 2 and 4 d in culture illustrate the development of the axon (arrows) and the 7 minor processes (1-7). Several collateral branches arose from
the axon between days 2 and 4 (asterisks). On day 7 the cell was fixed and immunostained to localize MAP2. The phase-contrast photomicrograph
(B) illustrates the cell’s dendrites and the proximal portion of its extensive axonal arbor. By bright-field microscopy (CL’),there is little MAP2 staining
of the axon and its many branches. Six of the 7 minor processes that were present at day 2 have elongated and are MAPZ-positive; the seventh
(3) may have partially or completely retracted. The axon arises as a branch from a short process that contains MAPZ. The other branch that arose
at this point (arrowhead)
resembles the cell’s other dendrites in length, tapering appearance, and content of MAP2 throughout. Note that the
peroxidase reaction product also increases the density of the stained processes, as seen by phase-contrast microscopy. Scale bar, 15 pm.
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their characteristic length about 3 hr later, showing little net
elongation thereafter. Throughout this period, cell 2 remained
in the lamellipodial stage. Beginning about 8 hr after plating,
one of the minor processes of cell 1 (arrowheads, Fig. 6C) began
to extend rapidly, reaching a lenth of 60 pm in 2 hr, when its
growth temporarily stopped. The cell’s 3 other minor processes
persisted unchanged during this period, and a fourth emerged
at 10 hr after plating. After remaining stationary for 3 hr, the
axon of cell 1 resumed its elongation. The continued development of this cell was marked by a series of cycles of axonal
elongation and stability.
The rate of growth of the axon and of 3 of the minor processes
from cell 1 are illustrated in Figure 7A, which records the length
of each process at hourly intervals. All 4 of the processes were
present 4 hr after plating, and their rates of elongation were
indistinguishable for the next 5 hr. Abruptly, one increased its
rate of elongation almost IO-fold, and within 2 hr could be
identified as the cell’s axon. This was in marked contrast to the
behavior of the remaining minor processes, which continued to
elongate and retract at their characteristic slow rate for the next
24 hr, as the axon underwent additional cycles of intermittent
elongation. The phases of axonal elongation sometimes ended
with a slight retraction of the axon.
Cell 2 followed a generally similar pattern of development,
although the emergence of its minor processes occurred somewhat later, between 15 and 20 hr after plating (Fig. 6, D, E).
Like cell 1, the axon of cell 2 underwent cycles of elongation
and stability (data not shown).As its growth continued, it gave
rise to 3 axonal branches, one at about 26 hr after plating, 2
others between27 and 36 hr after plating (Fig. 6, G-Z). In each
casethese arose as collaterals at a position proximal to the
growth cone. As each branch emerged,elongation at the tip of
the original axon stopped; frequently the nongrowing portion
of the axon, distal to the new branch, becamethinner in diameter. The branchesthat developed from this cell arose, in
temporal order, at 46 (a2), 76 (al), and 83 (a3) pm along the
axon; thesebranchesdeveloped at 26 (al), 29 (a3), and 31 (a2)
hr after the initial growth conehad passedthe point from which
thesecollaterals subsequentlyarose.At the magnification used
for theserecordings,it wasnot possibleto identify any consistent
characteristic that marked the site along the axon from which
a future branch would emerge.
Data describingseveralfeaturesof axonal development for 9
cells that were analyzed in detail are summarized in Table 1.
In general,each cell underwent the developmental events describedin detail for cells 1 and 2, above. In every casethe axon
arosefrom one of the cell’s minor processes,although the time
at which the axon began its phaseof rapid elongation varied
from 8 to 27 hr after plating. The maximal rate of axonal elongation (measuredduring the 2 hr period that showedthe greatest
net elongation) averaged20 pm/hr, but the averagerate of extension (measuredover the 18 hr period from initiation of axonal outgrowth) wasonly 6 Fm/hr. This differencelargely reflects
the cyclic nature of axonal elongation.
How does the axon become determined?

One of the most consistent and striking features of these observationsconcernsthe origin of the axon: it arisesfrom one of
the severalminor processes
characteristic of the secondstageof
cell development. So far aswe have been able to judge, nothing
marksthis minor processasdistinctive until its rapid elongation
actually begins.It is not consistently the earliest or the latest of
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Figure 4. Averagerate of elongationof axonsand dendritesfrom
hippocampal
neuronsduringthe first weekin vitro. Dataarebasedon
measurements
of the longestbranchof the axon (filled circles) and of
the longestdendrite(open circles) from 11cells(meanand SEM)that

werephotographed
at daily intervals.The pronounced
differencein the
rateofelongationofaxonsanddendritesisevident.Notethat significant
dendriticelongationdoesnot beginuntil after day3.
the minor processesto develop, its initial rate of elongation is
no different from that of the other minor processes,
the behavior
of its growth cone is not unique. Theseobservations raisethe
possibility that the axon is not specifiedwhen it first arisesfrom
the cell. Rather, more than one of the minor processesmight
be capableof becoming axons.
The stagesof axonal development exhibited by cells3 and 4
of Figure 6 offer further support for this possibility. In the case
ofcell 3, oneof the minor processes
assumedan axonal character
about 24 hr after plating (compare Fig. 6, F, G). At about 26

Table 1. Summary of time-lapse observations on the origin and
growth of axons

Formation
of minor Initiation
processes of axons
(afterulatina,hr)

Axonalgrowthrate
(wn/hr)
MaxiAverage* mum”

2
3
4
5
6
7
8
9

4
4
6
6
12
17
21
24
24

8
16
9
12
23
22
24
28
30

5.0
4.7
8.3
6.5
7.1
8.5
6.9
3.8
6.3

17
11
34
22
17
22
30
12
18

Mean

13

19

6.3

20.3

Cell
number
1

” Based on the 18 hr period after the beginning of stage 3.
/’ Based on the 2 hr interval of most rapid growth.
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Figure 5. Phase-contrast photomicrographs illustrating the 3 stages characteristic of the early development of hippocampal neurons in culture. A, In the
first uhase. the cell bodv is surrounded
by flattened lamellipodia. B, In the second phase, the lamellipodia become
transformed into definitive processes.
These minor processes frequently are
tipped with growth cones. During this
transition, the processes are often flattened along their margins (arrows). C,
The third phase of development is
marked by the transformation of one of
the minor processes into the axon (arrows). The axon has a prominent growth
cone as it elongates and frequent filopodia along its length. In the interval
between micrographs B and C, the minor processes became more cylindrical
in cross section, but showed no net
elongation. One new minor process also
developed in this interval (arrowheads
in C). The cell illustrated was photographed at 4 hr (A), 14 hr (B), and 20
hr (C) after plating. Scale bar, 10 pm.

hr after plating, this processceasedelongating and one of the
other minor processes(Fig. 6H, b) began to grow at a rate
characteristicof axons. At 29 hr this processstoppedelongating
and processa againbeganto grow rapidly, ultimately becoming
the cell’s definitive axon. Processb retracted and came to resemblethe cell’s remaining minor processes(Fig. 6, I, J). These
observationsare quantified in Figure 7B. During their periods
of rapid elongation, both processesa and b grew at identical
rates (about 25 pm/hr), well within the range of rates characteristic of definitive axons. Each processstoppedgrowing when
rapid growth of the other began;during thesenongrowing phases,both processesa and b actually retracted for 25 pm or more.
When processa had clearly becomethe definitive axon, process
b retracted to the length of the cell’s remaining minor processes,
and its subsequentpattern of growth becameindistinguishable
from that of the other minor processes.
In the caseof cell 4, one of the minor processesfirst acquired
axonal characteristics after 27 hr in culture. Within 2 hr, it
extended 46 pm and then stopped. A new processdeveloped
from near the baseof the first, grew rapidly, and became the
cell’s definitive axon. As this happened, the first axon slowly
retracted and becameindistinguishable from the other minor
processes.Theseresultsshow that more than one of the minor

processesthat arise from a cell has the capacity to elongateat
a rate characteristic of definitive axons. We have not observed
an instance in which 2 processeselongatedat axonal rates simultaneously.
Cell division and the establishmentof polarity
At 18 d of gestation, when cells are taken for culture, the great
majority of hippocampal neurons have undergone their final
cell division, but neuronal proliferation has not ceasedcompletely (Banker and Cowan, 1977; Schlessingeret al., 1978).
Thus one might expect an occasional cell to divide in culture
and give rise to neurons, although, to our knowledge, no one
has previously reported observing such a mitotic event. Such
cellswould be of particular interest, sincetheir polarization in
culture could not simply representa reiteration of prior events
that occurred in situ.
We were fortunate enough to obtain records of one such instance,shown in Figure 8. This cell underwent division about
10 hr after plating (Fig. 8, A, B). Following mitosis, both daughter cells underwent the sameseriesof morphological changes
leading to the appearanceof the axon that have already been
described for postmitotic hippocampal neurons. They developed lamellipodia and establishedminor processes;then one of
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the minor processes elongated at a much more rapid rate and
acquired axonal characteristics. By 20 hr after mitosis (Fig. 8C),
both cells had the typical appearance of polarized neurons, with
a single axon and several shorter, minor processes.
To ensure that these 2 cells were indeed neurons and were
capable of establishing well-differentiated axonal and dendritic
domains, they were allowed to develop for 6 more days. They
were then fixed and stained to localize MAP2. By this time the
axons of both cells had become much longer and had developed
several branches, and the dendrites had grown and acquired
their characteristic shapes (Fig. 8D). Both cells expressed MAP2,
a specific marker for neurons, and both compartmentalized it
to the somatodendritic domain (Fig. 8E). In all of these respects,
the cells were quite comparable to the other neurons that do
not divide in culture (such as cell on the left in Fig. 8). Since,
in this instance, all of the events between mitosis and axon
formation occurred in culture under direct observation, and no
contacts were made with other cells, specific cell interactions
during this time cannot be essential for the establishment of
polarity.
Discussion
This paper presents observations of living neurons during the
establishment of polarity, focusing for the first time on a class
of cells that develop distinct axonal and dendritic processes.
From these observations it has been possible to establish the
sequence of morphological events leading from an apolar neuroblast to a fully polarized neuron. Before discussing these data
and their implications for a cell biological understanding of
neuronal polarization, it is important to review the evidence
upon which the identification of axons and dendrites is based.
Identijcation of axons and dendrites at early stages of
development
The interpretation ofthe data presented in this paper is critically
dependent on accurate identification of the immature processes
of hippocampal neurons as precursors of either axons or dendrites. Our approach is based on sequential observation of individual cells, beginning from a very early stage, when the nature
of the processes is far from obvious, and continuing for a week
or more, until processes can be identified with certainty. In the
present work the identification of axons and dendrites at the
end of 1 week in culture was based on their characteristic differences in light-microscopic morphology and on the differential
distribution of MAP2 immunoreactivity.
Previous work has
shown that identification of axons and dendrites on the basis
of these properties correlates with distinctions based on electron
microscopy, on the differential distribution of binding sites for
alpha-bungarotoxin, and on the selective transport of newly
synthesized RNA (summarized in Banker and Waxman, 1988).
After l-2 d in culture, the great majority of hippocampal
neurons have a single, long process and several shorter processes
(Banker and Cowan, 1977; Matus et al., 1986). At this early
stage, the processes do not resemble either mature axons or
dendrites in shape, and MAP2 is uniformly distributed throughout the cell (Caceres et al., 1986). By tracing the development
of individual cells, we have shown that, in every case, the longer
process represents the axon; the dendrites will arise from the
shorter processes. Previous attempts to infer the sequence of
development of hippocampal neurons, based solely on the observation of fixed cells, have not arrived at a consistent picture.
For example, Matus et al. (1986) suggested that the long process

of Neuroscience,

April

1966,

8(4)

1461

observed after 1 or 2 d in culture is the apical dendrite and the
shorter processes the basilar dendrites, no axon being present
at this stage (see also Rothman and Cowan, 198 1). Some of our
own interpretations of cells at a somewhat later stage of development (Banker and Cowan, 1979) which were based solely on
morphology, are also probably incorrect in light of the present
study and other recent work (Bartlett and Banker, 1984a; Caceres et al., 1986). Some of the processes we initially described
as apical dendrites more probably represent axons (e.g., Banker
and Cowan, 1979, Figs. 6a and 1 le). Such errors show the importance of following individual living cells through the course
of their development.
Morphological stages in the establishment of axonal and
dendritic domains
The development of hippocampal neurons in culture can be
divided into 5 stages, as shown schematically in Figure 9. The
events of stages 1-4, which lead to the establishment of distinct
axonal and dendritic domains, are the subject of the present
paper; the subsequent maturation ofaxonal and dendritic arbors
(stage 5), which continues for some weeks, is discussed elsewhere
(Banker and Waxman, 1987). The distinction between stages 4
and 5, although somewhat artificial, is nonetheless important.
It does not represent an abrupt, qualitative change in cell organization, but rather a change in the control of development.
Cell interactions play an important role in modulating the maturation of hippocampal neurons. In contrast, the events of stages
l-4 appear to be part of an endogenously determined program
of neuronal development.
Stage I: formation of lamellipodia. Shortly after the cells attach to the substrate, motile lamellipodia develop around the
periphery of the cell. In their appearance and activity, they
resemble the regions of ruffling membrane associated with some
classes of migrating cells in situ (Trinkhaus, 1973) and widely
observed among both neuronal and non-neuronal cells in culture
(Harris, 1973; Revel et al., 1974; Wessells et al., 1978). The
significance of lamellipodia in neuronal development is unclear.
Because comparable structures have not been observed during
neuronal development in situ, their appearance in culture may
reflect the cell’s adaptation to growth on an artificial, 2-dimensional substrate. Nevertheless, in culture the formation of neurites appears to be associated with changes in lamellipodia. The
lamellipodia, which initially surround most ofthe circumference
of the cell, break up into discrete, motile patches at intervals
along the cell periphery (see also Collins, 1978; Wessells et al.,
1978). Neurites appear to arise preferentially at these sites, the
lamellipodial patches becoming the neuritic growth cones.
Stage 2: outgrowth of the minor processes. This stage of development is characterized by the transformation of lamellipodia into distinct processes, which, in the course ofa few hours,
extend to a length of lo-15 Wm. Once they attain this length,
they exhibit little net elongation, although they remain motile
and extend and retract for short distances. At the light-microscopic level, all of the minor processes are similar in appearance
and growth characteristics.
It is not certain what relationship minor processes have to
processes that occur in situ. Similar processes have been observed in light-microscopic
studies of immature neuroblasts
during, or shortly after, migration. Such processes have been
described for cells in the hippocampal and cingulate cortices
(Shoukimas and Hinds, 1978; Nowakowski
and Rakic, 1979),
as well as in other regions of the CNS (e.g., Moody and Heaton,
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Figure 6. Individual frames from a time-lapse video recording showing the dynamics of axonal and dendritic outgrowth, elongation, and branching
for 4 individual cells. The time after plating is shown on each micrograph. A, After 4 hr, only one cell (cell I) has begun to put out definitive
processes (arrows). The other cells appear round, although at higher magnification lamellipodia would probably be visible (compare with Fig. 5).
B, During the next 3 hr, all of the processes from cell 1 increased in length; this cell has reached the second phase of development, the stage of
minor processes. None of the other cells developed processes, although lamellipodia became more clearly visible (cells 2 and 4). (The curving
process visible to the right of cell 2 is actually the fragment of a process that was detached from a cell during dissociation; it is not an outgrowth
from this cell.) C, In the interval of 2 hr between this and the preceding micrograph, one of the processes of cell 1 elongated for a considerable
distance (marked by the 2 arrowheads), becoming the axon. Its rate of elongation is shown in Figure 7A. The remaining minor processes underwent
no net elongation during this interval, although they exhibited continuous motility (judged from the time-lapse recording). There was no change
in the appearance of cells 2-4. D, By 15 hr after plating, the first process appeared from cell 2 (arrow). The axon of cell 1 elongated further, and
an additional minor process appeared. E, In the interval between 15 and 20 hr after plating, cell 2 developed several minor processes. Elongation
of the axon from cell 1 ceased. Lamellipodia-like
extensions appeared at points around the periphery of cell 3, but no definitive processes as yet
formed. F, By 22 hr after plating, one of the minor processes of cell 2 acquired axonal characteristics, extending 5 1 pm in an interval of 2 hr
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(distance marked by arrowheads). In the case of this cell, the axon was clearly not the first process to appear (compare D and F). The axon of cell
1 resumed its elongation, and minor processes arose from cell 3 (arrows). G-J, Growth of these 4 cells during the second day in culture. During
this period, the axon of cell 1 nearly doubled in length, undergoing intervals of elongation (e.g., between 27 and 36 hr) with intervening lag periods
(e.g., between 25 and 27 hr). The development of cell 2 during this period was marked by the appearance of several axonal branches, one between
25 and 27 hr (al in H), 2 more between 27 and 35 hr (a2 and a3 in r). All 3 branches arose as collaterals from the axonal shaft at a point proximal
to the axonal growth cone. An axon from a neighboring cell entered this field from below (arrow in H) and contacted the axonal arbor of cell 2
between 27 and 36 hr after plating. The axonal development of cells 3 and 4 was more complicated. In the interval between 22 and 28 hr, one of
the minor processes of cell 3 (a) acquired axonal characteristics, elongating to a distance of about 60 pm from the soma (arrowheads in G). During
the subsequent 2 hr this process stopped growing and a second minor process (b in H) elongated at a rate characteristic of axons. Between 27 and
36 hr (I) this second, axonlike process stopped elongating and retracted, while the first resumed its rapid elongation, attaining a length of 150 pm
by 48 hr after plating (J). Minor processes appeared from cell 4 after 25 hr in vitro (G); one of these acquired axonal characteristics 2 hr later (a
in FZ) and grew to a length of 50 Mm by 36 hr (I). The cell’s definitive axon (b in J) arose from a lamellipodium near the base of process a 40 hr
after plating. By 44 hr after plating, it had reached 73 pm from the soma; process a had retracted to the length of a minor process. When this series
of observations ended after 46 hr in vitro, each of the 4 cells had a single axon and several minor processes. In the course of the development
illustrated here, contacts occurred between minor processes from cell 1 and 4 (I), and between minor processes from cell 3 and the axon of cell 1
(one at 23 hr, another at 29 hr). These contacts had withdrawn by the end of the observation period. Scale bar, 20 pm.

1981;Bicknell and Beal, 1984).In none ofthese casesis it known
whether the definitive axon or the definitive dendritesarisefrom
theseshort processes,asoccursin hippocampal cell cultures, or
whether the short processessimply disappear.
Stage3: formation and growth of the axon. Several hoursafter
the appearanceof minor processes,a rather abrupt changeoccurs: one of the minor processesbeginsto grow at a much more
rapid rate. From this stageonward, its rate ofgrowth will average

5-10 times greater than the other processesof the cell. This
processis the axon, and it can be identified unequivocally as
soonasits growth spurt begins.At this point, the cell hasbecome
polarized. All of the cells we observed by time-lapse recording
followed this pattern of axon formation, but our samplewas
not large enough to detect exceptions, should they occur infrequently. For example, some cells in these cultures develop 2
axons (Bartlett and Banker, 1984a).
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Figure 7. The rate of process elongation during the first 45 hr in vitro.
A, Length of each of the processes of cell 1 from Figure 6, measured
from the soma along the process to its tip. B, Comparable data for 3 of
the processes of cell 3 in Figure 6. In each case the definitive axon is
represented by the largefilled circles. For the cell in A, the outgrowth
of minor processes was apparent by 6 hr. At 8 hr, one of these began
to grow much more rapidly than the others. It underwent a series of
active periods of elongation, punctuated by stationary periods, ultimately extending to about 175 pm from the soma after 45 hr. The
behavior of the 3 remaining, minor processes continued unchanged
throughout this period, showing short extensions or retractions, but little
net growth. The development of the cell in B was rather different. The
appearance of its minor processes and the establishment of its axon
occurred considerably later. In addition, 2 different processes exhibited
the rapid growth rate characteristic of axons. The first of these (corresponding to a in Fig. 6G) began to grow rapidly about 24 hr after plating
(largefilled circles). A few hours later, its growth stopped, another minor
process (corresponding to b in Fig. 6H) began to grow rapidly (dashed
line), and the first retracted somewhat. Subsequently the first process
resumed its rapid growth and became the definitive axon, attaining a
length of more than 150 Km. The second process retracted but did not
disappear entirely; instead, in its later growth, it became indistinguishable from the cell’s other minor processes (smalljilled circles).

How is it that one neuronal process,the axon, acquiresproperties distinct from the other processesarising from the same
cell? One obvious possibility is that this is determined by the
timing of processoutgrowth: the first processto arise from the
cell becomesthe axon; any succeedingprocessesbecomedendrites. Our resultsshow that this simple idea is not correct, at
least for hippocampalneurons that develop in culture. Several
minor processesall arise at about the sametime, and the first
of them does not necessarilybecome the axon (e.g., cell 2 in
Fig. 6).
When do neuronal processesbecome specifiedas axons or
dendrites?Are they determined at the time of their initiation,
or do they acquire their definitive identity only at somelater
time? This question must finally be addressedby experimental
methods, but our observations are consistent with the latter
possibility. First, the initial processesthat arise from the cell
appear identical on the basis of their light-microscopic morphology and their patternsof motility. Second,and more suggestive, in a few casesthe determination of the axon exhibited an
apparent plasticity (e.g., cells 3 and 4, Fig. 6). First one process
beganto grow at a rate typical of axons, then its growth ceased
and a different processtook on axonal characteristics. In one
casethe secondprocessbecamethe definitive axon; in another,
the first resumedits growth while the secondretracted and became a dendrite. These observations raise the possibility that
several, perhapsall, of the initial processesare capable of becoming axons, but when one acquires axonal properties the
remaining processesare prevented from becomingaxons.
Stage4: growth of dendrites.Like the axon, dendritesdevelop
from the minor processesthat appear during the first day in
culture, but significnt dendritic growth beginsonly after about
4 d in culture, 2-3 d after axonal outgrowth. The temporal
difference in the initiation of significant axonal versusdendritic
outgrowth parallels that frequently observed in situ: in many
instances,including that of developing hippocampal neurons,
axons arise before dendrites (Nowakowski and Rakic, 1979).
Dendritic growth differs from axonal growth in 2 other obvious but important respects.First, dendritesgrow more slowly
than axons. This seemsintuitively obvious from the great differencein length of mature axons and dendrites,but we believe
our observations are the first to determine and compare the
ratesof axonal and dendritic outgrowth of individual cells.These
rates, averaged over an interval of 24 hr, differ by at least a
factor of 5. Such differencesin growth rate are apparently endogenous,since, under the circumstancesof our observations,
the developing dendrites are not contacted by afferents and the
developing axons do not innervate their target cells. Of course,
theserates might well be modulated when such cellular interactions occur. Second, unlike axons, several dendrites grow at
the sametime. If someinternal mechanismprevents simultaneouselongation of more than one processduring the phaseof
axon initiation, it must be altered when dendritic development
begins.
Comparisonwith previousstudiesof neurite growth in culture
Previous observations of neurite development by living nerve
cells have focusedalmost entirely on cells from the PNS. The
outgrowth of axonsby hippocampalneuronsin culture is similar
in many respects,but there are several important differences.
First, there appearsto be a difference in how axon number is
determined. In mature cultures, sympathetic neuronstypically
have a singleaxon and severaldendrites (Wakshull et al., 1979;
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Figure 8. The establishment of axons and dendrites following cell division in culture. The series of photomicrographs, taken from a time-lapse
record, illustrates development after 4 hr (A), 12 hr (B), and 33 hr (C) in vitro. The cell at right in A underwent division after 10 hr in vitro. Both
daughter cells first developed minor processes and then a single axon (arrowheads in c), just like cells that develop from postmitotic neuroblasts,
such as the cell at left. Six days later, the culture was fixed and immunostained to localize MAPZ, as illustrated in the phase-contrast and brightfield photomicrographs (D and E, respectively). Both of the daughters of the cell that divided expressed the neuron-specific protein MAP& the
non-neuronal cell present in this field did not (arrows). Moreover, the MAP2 present in these 2 neurons was restricted to the somatodendritic
domain, just like cells that undergo their final division in situ. Scale bar, 25 pm.

Furshpan et al., 1986; Peng et al., 1986; Higgins et al., 1988).
Initially, sympathetic and other peripheral neuronsput out several, apparently identical, processes(Bray, 1973; Letoumeau,
1975a; Role and Fischbach, 1987) that tend to resembleaxons
in their light- and electron-microscopic morphology (Yamada
et al., 1971; Bunge, 1973), their rate of elongation (Bray, 1973;
Letoumeau, 1975a), and their ability to form presynaptic terminals (Role et al., 1987). Thus, it may be that someclassesof
peripheral neurons establishtheir mature form through the retraction of supernumeraryaxonlike processesduring the course
of their development in culture; this hasbeenobserved directly
for ciliary neurons(Role and Fischbach, 1987). This standsin
marked contrast to the morphogenesisof hippocampal neurons
in culture, which in most instancesput out only a singleaxon
from the outset of their development.
Second,the averagegrowth rate of hippocampal axons (5 pm/
hr during the first 18 hr of axonal elongation) is about an order
of magnitude slowerthan the ratestypical of PNS neurites (40100 ccm/hr; seeBray, 1973; Luduena, 1973a, b; Letoumeau,
1975a). Rogerset al. (1983) have also noted that the average
length of retinal neurites, measuredafter 2 d in culture, is much

shorter than the length of peripheral ganglioncell neuritesgrown
under identical conditions. In the caseof hippocampalneurons,
the most important reasonfor the slow rate of increasein axonal
length is that growth is intermittent. Axons are stationary for a
greater proportion of the time than they are actively growing.
The maximal rate of axonal elongation we observed, measured
over intervals of l-2 hr wasmuch more comparableto the rates
of elongation reported for PNS cells. The significance of the
remaining, roughly 2-fold, difference in rates of growth during
periodsof active elongation is unclear. There could be important
endogenousdifferencesbetween CNS and PNS cells. Altematively, optimal substratesfor CNS growth in culture may yet
await discovery.
A third difference betweenour observationsand thoseof previous investigators concernsthe mode of axonal branching. In
Bray’s (1973) classicstudiesof sympathetic neurons, branching
occurred by bifurcation ofthe growingtip, eachbranch capturing
a portion of the original growth cone; collateral branching was
not observed.In contrast, our observationsof hippocampalneurons suggestthat branching occurs predominantly by the formation of collaterals along the axon sometime after the initial
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growth cone has passedthis point. This result is not unprecedented. For example, Speidel(1941, 1942) describedexamples
of the extension and retraction of collateral branchesof axons
in tadpole skin. Indeed, sensoryneurites,which normally branch
at their tips in culture, can be induced by amputation to form
growth conesand even collateral branchesat any point along
their lengths(Bray et al., 1978).We do not regardthesediffering
observationsas contradictory; rather, they suggestthat axons
arecapableof forming branchesby both of thesemodes.Specific
environmental conditions, suchasthe character of the substrate
or the presenceof trophic agentslike NGF, may modulate the
frequency with which each mode of branching occurs. On the
other hand, it is premature to generalizeBray’s observationsto
quite different situations, such as the induction of dendritic
branching in situ (Vaughn and Henrikson, 1974; Berry, 1982).
The role of microtubulesin processoutgrowth and the
establishmentof polarity
The role of microtubules in the extension of neuronal processes
has been extensively studied at the morphological and biochemicallevels(Yamada et al., 1970;Drubin et al., 1985;Black
et al., 1986). The reorganization that occurs as lamellipodia
becomegrowth conesand microtubules assembleand become
aligned in newly forming processesis likely the samein hippocampalneuronsasin the more frequently studied peripheral
neurons and PC12 cells. However, subsequentevents in the
morphogenesis
of hippocampalneuronssuggestthat the control
microtubule assemblywithin a singlecell can be considerably
more complex than studiesofperipheral neuronswould suggest.
The establishmentof the axon (i.e., the transition from stage2
to stage3) must involve a refined spatial control of microtubule
assemblyto permit the selective extension of one processwhile
the other processesremain stationary. Since axonal elongation
is intermittent, microtubule assemblyin the axon must be under
temporal control aswell. Moreover, the formation of collateral
branchesmust be accompaniedby a redirection of the transport
of microtubules within the axon. The growth of dendrites is
marked by still further changesin the control of microtubule
assembly.Net assemblyof microtubules, confined predominantly to the axon during stage3, must now occur in all of the
cell’s processes.However, sincethe growth rate of the axon is
much greater than that of the dendrites, the rate of microtubule
assemblymust be controlled separately for the 2 sets of pro-

cesses.
All of theseevents point to the importanceof elucidating
the changesthat occur in the control of microtubule organization
and function during neuronal morphogenesis.
Becausethey are differentially distributed, microtubule-associatedproteins(MAPS) might beconsideredprime candidates
to regulate the spatial control of microtubule function during
neuronal development. In the processesof mature neurons,one
neuronal MAP, MAP2, is preferentially localized in dendrites,
whereasanother, tau, is preferentially localized in axons. At the
time hippocampal neuronsbecomepolarized, however, MAP2
and tau are not differentially distributed; both are present in
the axon and in the minor processes(Cacereset al., 1986;Dotti
et al., 1987).
Kirschner and Mitchison (1986) have recently proposedthat
cellsacquire an asymmetric shapeand becomepolarized by the
selective stabilization of a subsetof their microtubules. The
microtubules of nonpolarized cells in culture are dynamically
unstable(Soltysand Borisy, 1985;Schulzeand Kirschner, 1986).
According to Kirschner and Mitchison’s (1986) hypothesis,an
external signalimpinging on one region of a cell causesa local
biochemical changethat preferentially increasesthe stability of
microtubules extending into that region. The enhancedmicrotubule stability leadsto elongation of the cell-or, in the case
of a neuron, to extension of a process-in the direction of the
signal.This model, applied to the specificcaseof hippocampal
neuronsdeveloping in culture, predicts that the transition from
stage2 to stage3 would be marked by the selectivestabilization
of microtubulesin the elongatingaxon. This aspectof the model
is quite plausibleand directly testable.
In a more generalsense,however, Kirschner and Mitchison’s
(1986) suggestionthat polarization arisesin responseto an external signal is not compatible with our data. In situ signals
might operateto determine the orientation of axonal outgrowth,
but our resultsshow that polarization per se occurs in the apparent absenceof external signals.To understandhow a neuron
establishesits characteristic shape,with a singleaxon and several dendrites, one must look to the internal organization of the
cell itself.
Note addedin proof: Recent experiments(Dotti and Banker,
1987) show that if the axons of hippocampal neurons are cut
during stage3 of development, one of the minor processes
frequently becomesthe new axon. The stump of the initial axon
often remainsand becomesa dendrite.
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