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The Establishment of Polarity by Hippocampal Neurons in Cuiture
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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 cuilture that lead to the
establishment of this characteristic form. Hippocampal cells
were obtained from 18 d fetal rats, plated onto polylysine-
treated coverslips, and maintained in a serum-free medium.
The development of individual cells was followed by se-
quential photography at daily intervals until both axons and
dendrites had been established; identification of the pro-
cesses was confirmed by immunostaining for MAP2, a den-
dritic 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 re-
maining processes began to elongate a few days later and
grew at a much slower rate. They became the cell’s den-
drites. Neurons that arose following mitosis in culture under-
went 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 pri-
marily by the formation of collaterals, not by bifurcation of
growth cones.

As judged by light microscopy, processes are not speci-
fied as axons or dendrites when they arise. The first mani-
festation of neuronal polarity is the acquisition of axonal
characteristics by one of the initial processes; subsequently
the remaining processes become dendrites.

Under special circumstances, it is possible to observe the growth
of living axons and dendrites in situ (Speidel, 1941, 1942; Eisen
et al., 1986; Purves et al., 1986), but our understanding of the
dynamic properties of developing neurites derives in great part
from studies of cells in tissue culture (e.g., Bray, 1970, 1973;
Yamada et al., 1970). Such work has elucidated much about
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the behavior of growth cones and the mechanics of fiber elon-
gation (e.g., Landis, 1983; Bray and Chapman, 1985; Bamburg
et al., 1986), as well as about the modulation of these processes
by the environment (Letourneau, 1975a, b; Gunderson and Bar-
rett, 1980; Patel and Poo, 1984).

The great majority of this work has been undertaken with
cultures of neurons obtained from the PNS. Although the cell
biological mechanisms underlying process outgrowth are likely
shared by most classes of nerve cells, important features of the
development of central neurons are not exhibited by PNS cells.
For example, at the stage typically employed for such studies,
all of the processes of peripheral neurons appear similar to one
another. By contrast, most CNS cells elaborate 2, quite distinct,
classes of processes, axons, and dendrites, which differ pro-
foundly in shape and function. How is it that these more com-
plex cells acquire their distinctive axonal and dendritic archi-
tecture?

To address this question, we have studied in cell culture the
development of CNS neurons derived from the embryonic hip-
pocampus. Previous work has shown that, by the end of the
first week in vitro, hippocampal cells have developed well-dif-
ferentiated axonal and dendritic domains (for review, see Banker
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 mo-
lecular constituents of their cytoskeletons (Caceres et al., 1984,
1986; Shaw et al., 1985) and of their plasma membranes (Banker
and Mazurkiewicz, 1982), and in synaptic polarity (Bartlett and
Banker, 1984b)—just as do their counterparts in situ. Dendrites
are relatively short, tapering processes that contain polyribo-
somes and synthesize proteins. MAP2 is associated with their
cytoskeletons, and bungarotoxin-binding sites are expressed on
their surfaces. Axons—long, thin, and relatively uniform in di-
ameter—lack polyribosomes, MAP2, and bungarotoxin recep-
tors, but contain synaptic vesicle-associated proteins (Lindsley
et al., 1987) and in some cases a distinctive neurofilament sub-
unit (Shaw et al,, 1985). Dendrites in hippocampal cultures are
exclusively postsynaptic, axons are presynaptic.

The present paper is concerned with early events in the de-
velopment of axons and dendrites in culture. By what sequence
of morphological events are hippocampal neurons transformed
from apolar neuroblasts to polarized cells with distinct axonal
and dendritic processes? We have addressed this question by
following individual hippocampal cells throughout the course
of their development in culture. To our knowledge these are the
first observations of these events in living CNS neurons.

Materials and Methods

Cell culture. To permit long-term observation of living cells under ac-
ceptable optical conditions, special culture dishes were used. These were



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 pre-
viously 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, supple-
mented with 10 mm HEPES (pH 7.3), pyruvate (0.01 mg/ml), and the
N2 mixture of Bottenstein and Sato (1979). To enhance neuronal sur-
vival (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 ap-
proximately 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-MTI 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 fol-
lowed photographically or by time-lapse recording were stained to lo-
calize 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 immuno-
cytochemistry using the peroxidase-antiperoxidase procedure, as pre-
viously described (Caceres et al., 1984, 1986).

Measurement of growth rate. The rate of growth 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 indi-
vidual 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 hippocampal neurons
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 de-
termine the sequence of developmental events during the first
week in culture that leads to the establishment of this charac-
teristic morphology.

Individual cells in low-density cultures were selected after 1
d in culture and photographed. The same cells were subsequent-
ly relocated and photographed at daily intervals until definitive
axons and dendrites could be identified. By analyzing each se-
quence of photographs retrospectively, it was possible to deter-

The Journal of Neuroscience, April 1988, 8(4) 1455

mine which of the early processes gave rise to the definitive
axons and which to the dendrites. In all, 17 cells were studied
in this manner; of these, 11 were suitable for detailed mea-
surements of process growth.

All of the cells observed underwent the same basic series of
developmental changes. The cell illustrated in Figure I is, in
most regards, typical. After 1 or 2 d in culture, as first described
by Banker and Cowan (1977), most cells are asymmetric in
shape: they have a single, long “major” process and several
“minor” processes of much shorter length. At this stage, the
major process averaged 80-100 um in length and the minor
processes 10-15 um. The mean number of minor processes,
measured at 24 hr, was 4.9 (n = 17). The time of appearance
of this morphology varied somewhat among different cells, even
within the same culture. The majority of cells had a clearly
distinguishable major process after 24 hr in culture, but some,
such as the cell illustrated in Figure 14, had only minor pro-
cesses; by 48 hr nearly all cells had one major process and several
minor processes (Fig. 1B).

How are the major and minor processes related to the axons
and dendrites that can be definitively identified at later stages
of development? Figure 1, C-FE, which illustrates the develop-
ment of this same cell after 3, 5, and 7 d in culture, shows that
with continued growth the major process acquired all the mor-
phological features characteristic of axons in culture, and that
the minor processes acquired dendritic characteristics, as de-
fined in previous studies (Bartlett and Banker, 1984a). These
features were recognizable by 5 d, and obvious by 7 d. Foliowing
its emergence on day 2, the axon continued to elongate relatively
rapidly, reaching 300 um from the soma by day 7. At least 4
branches could be identified (A1-A4), emerging from the main
axon between days 2 and 6. One of these branches (A1) retracted,
while the others continued to elongate, some reaching distances
farther from the soma than the tip of the parent axon. Several
of the axonal branches of this cell (A3, A4, A3-1) arose not by
bifurcation of the axonal growth cone, but as collaterals that
emerged from the main process 2 or 3 d after the passage of the
axonal growth cone. The mode of origin of the other branches
(A1 and A2) could not be determined from the data available,
since growth of the parent axon and the emergence of these
branches both occurred in the interval between the photographs
taken on days 1 and 2 (Fig. 1, 4, B). In general, most axonal
branches in these cultures arose by collateralization. From ob-
servations of 19 cells in which branching occurred (including
cells followed by video recording; see below), unambiguous in-
stances of collateral branching were seen in 16 cases.

Between day 2 and day 4, when the axon of the cell illustrated
in Figure 1 was growing rapidly and branching, there was rel-
atively little change in the length or appearance of the minor
processes. These processes began to elongate on day §, reaching
lengths of up to 75 um on day 7. By this stage they exhibited
the taper characteristic of dendrites; this was most obvious in
the longer processes, such as D1 (see also Fig. 3).

The rates of elongation of the major process and its branches,
and of several of the minor processes of 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 average rate of about
60 um/d, at least 5 times faster than the rate of growth of the
most rapidly elongating dendrite. All of the branches that emerged
from the axon also grew at about this rate. None of the dendrites
exhibited significant net elongation during the first 4 d in culture.
Subsequently, they elongated at rates of about 12 um/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 (DJ-D3 and A) is quantified in Figure 2. 4, 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 (4) 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 (47 and 42). 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 (42) also elongated considerably; the other
(41) 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 (4) and one of its collaterals (42) had elongated still further; another collateral (41) retracted, and a new collateral
(A3) 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, A4). 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 um.

basis of the rate of growth, as well as of morphological appear- become much more elaborately branched and several dendritic

ance, every process from this cell expressed characteristics of
either an axon or a dendrite; no processes grew at intermediate
rates.

Drawings illustrating the development of a second cell are
shown in Figure 34. 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 elon-
gated further, and additional branches that arose by collater-
alization could be seen (Fig. 34, asterisks). By this stage, one of
the minor processes (dendrite 2) had begun to elongate and to
take on the appearance of a dendrite. By day 7, the axon had

processes could be distinguished. To verify that the processes
derived from the major and minor processes of 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 basis of morphology and
growth rate, the process identified as the axon showed little or
no MAP2 immunoreactivity. Six of the 7 minor processes pres-
ent on day 2 persisted and became dendrites, as judged by their
morphology and MAP2 staining.

As is common for hippocampal neurons in culture, the axon
of this cell arose as a branch from a short process that had



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. 34); 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 character-
istics.

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 um from the soma after
1 d in culture and then elongated by about 70 um/d for the next
few days. Later its elongation slowed somewhat. Significant den-
dritic elongation began between days 3 and 5; the most rapidly
growing dendrites elongated at an average rate of about 12 um/
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 oc-
curring 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 la-
mellipodia, (2) outgrowth of minor processes, and (3) transfor-
mation 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. 54). These flat, veil-like structures were con-
stantly 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 neurites, which we have
designated minor processes. These were quite different from
lamellipodia in their morphology and behavior. Minor pro-
cesses 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 mo-
tility 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 (4), 3 axonal branches (42,
A3, A3-1), and 3 dendrites (D1-3) 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 1-2 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, unori-
ented microtubules (unpublished observations). Thus, although
the minor processes were quite short—on average about 10 um
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 O).

The establishment of polarity in hippocampal neurons was
marked by the transformation of one of the minor processes
into the axon (Fig. 5C). 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 disap-
pearing.

Figure 6 illustrates the development of 4 cells that were re-
corded 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. 64); these reached
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Figure 3. Another example of axonal and dendritic outgrowth by a hippocampal neuron in culture. 4, Drawings taken from photomicrographs
after 2 and 4 d in culture illustrate the development of the axon (arrows) and the 7 minor processes (/-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 (C), 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 MAP2-positive; the seventh
(3) may have partially or completely retracted. The axon arises as a branch from a short process that contains MAP2. 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 ym.



their characteristic length about 3 hr later, showing little net
elongation thereafter. Throughout this period, cell 2 remained
in the lamellipodial stage. Beginning about § hr after plating,
one of the minor processes of cell 1 (arrowheads, Fig. 6C) began
to extend rapidly, reaching a lenth of 60 um 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 develop-
ment 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 74, 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 10-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 some-
what 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 between 27 and 36 hr after plating (Fig. 6, G-I). In each
case these 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, became thinner in di-
ameter. The branches that developed from this cell arose, in
temporal order, at 46 (a2), 76 (al), and 83 (a3) um along the
axon; these branches developed at 26 (al), 29 (a3), and 31 (a2)
hr after the initial growth cone had passed the point from which
these collaterals subsequently arose. At the magnification used
for these recordings, it was not possible to identify any consistent
characteristic that marked the site along the axon from which
a future branch would emerge.

Data describing several features of axonal development for 9
cells that were analyzed in detail are summarized in Table 1.
In general, each cell underwent the developmental events de-
scribed in detail for cells 1 and 2, above. In every case the axon
arose from one of the cell’s minor processes, although the time
at which the axon began its phase of rapid elongation varied
from 8 to 27 hr after plating. The maximal rate of axonal elon-
gation (measured during the 2 hr period that showed the greatest
net elongation) averaged 20 um/hr, but the average rate of ex-
tension (measured over the 18 hr period from initiation of ax-
onal outgrowth) was only 6 um/hr. This difference largely reflects
the cyclic nature of axonal elongation.

How does the axon become determined?

One of the most consistent and striking features of these ob-
servations concerns the origin of the axon: it arises from one of
the several minor processes characteristic of the second stage of
cell development. So far as we have been able to judge, nothing
marks this minor process as distinctive until its rapid elongation
actually begins. It is not consistently the earliest or the latest of
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Figure 4. Average rate of elongation of axons and dendrites from
hippocampal neurons during the first week in vitro. Data are based on
measurements of the longest branch of the axon (filled circles) and of
the longest dendrite (open circles) from 11 cells (mean and SEM) that
were photographed at daily intervals. The pronounced difference in the
rate of elongation of axons and dendrites is evident. Note that significant
dendritic elongation does not begin until after day 3.

the minor processes to 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. These observations raise the
possibility that the axon is not specified when it first arises from
the cell. Rather, more than one of the minor processes might
be capable of becoming axons.

The stages of axonal development exhibited by cells 3 and 4
of Figure 6 offer further support for this possibility. In the case
of cell 3, one of the minor processes assumed an axonal character
about 24 hr after plating (compare Fig. 6, F, ). At about 26

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

Axonal growth rate

Formation
of(') misf);) Initiation (um/hr)
Cell processes  of axons Maxi-
number (after plating, hr) Average: mum’
1 4 8 5.0 17
2 4 16 4.7 11
3 6 9 8.3 34
4 6 12 6.5 22
5 12 23 7.1 17
6 17 22 8.5 22
7 21 24 6.9 30
8 24 28 3.8 12
9 24 30 6.3 18
Mean 13 19 6.3 20.3

< 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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Figure5. Phase-contrast photomicro-
graphs illustrating the 3 stages charac-
teristic of the early development of hip-
pocampal neurons in culture. 4, In the
first phase, the cell body is surrounded
by flattened lamellipodia. B, In the sec-
ond phase, the lamellipodia become
transformed into definitive processes.
These minor processes frequently are
tipped with growth cones. During this
transition, the processes are often flat-
tened along their margins (arrows). C,
The third phase of development is
marked by the transformation of one of
the minor processes into the axon (ar-
rows). The axon has a prominent growth
cone as it elongates and frequent filo-
podia along its length. In the interval
between micrographs B and C, the mi-
nor 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 photo-
graphed at 4 hr (4), 14 hr (B), and 20
hr (C) after plating. Scale bar, 10 pm.

hr after plating, this process ceased elongating and one of the
other minor processes (Fig. 6H, b) began to grow at a rate
characteristic of axons. At 29 hr this process stopped elongating
and process a again began to grow rapidly, ultimately becoming
the cell’s definitive axon. Process b retracted and came to re-
semble the cell’s remaining minor processes (Fig. 6, I, J). These
observations are quantified in Figure 7B. During their periods
of rapid elongation, both processes a and b grew at identical
rates (about 25 um/hr), well within the range of rates charac-
teristic of definitive axons. Each process stopped growing when
rapid growth of the other began; during these nongrowing phas-
es, both processes a and b actually retracted for 25 um or more.
When process a had clearly become the definitive axon, process
b retracted to the length of the cell’s remaining minor processes,
and its subsequent pattern of growth became indistinguishable
from that of the other minor processes.

In the case of cell 4, one of the minor processes first acquired
axonal characteristics after 27 hr in culture. Within 2 hr, it
extended 46 um and then stopped. A new process developed
from near the base of the first, grew rapidly, and became the
cell’s definitive axon. As this happened, the first axon slowly
retracted and became indistinguishable from the other minor
processes. These results show that more than one of the minor

processes that arise from a cell has the capacity to elongate at
a rate characteristic of definitive axons. We have not observed
an instance in which 2 processes elongated at axonal rates si-
multaneously.

Cell division and the establishment of 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 ceased com-
pletely (Banker and Cowan, 1977; Schlessinger et 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
cells would be of particular interest, since their polarization in
culture could not simply represent a reiteration of prior events
that occurred in situ.

We were fortunate enough to obtain records of one such in-
stance, shown in Figure 8. This cell underwent division about
10 hr after plating (Fig. 8, 4, B). Following mitosis, both daugh-
ter cells underwent the same series of morphological changes
leading to the appearance of the axon that have already been
described for postmitotic hippocampal neurons. They devel-
oped lamellipodia and established minor processes; then one of



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. 8 D). 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 neu-
roblast 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.

Identification of axons and dendrites at early stages of
development

The interpretation of the data presented in this paper is critically
dependent on accurate identification of the immature processes
of hippocampal neurons as precursors of either axons or den-
drites. Qur approach is based on sequential observation of in-
dividual 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 dif-
ferences 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 1-2 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 through-
out 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 ob-
servation of fixed cells, have not arrived at a consistent picture.
For example, Matus et al. (1986) suggested that the long process

The Journal of Neuroscience, April 1988, 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, 1981). Some of our
own interpretations of cells at a somewhat later stage of devel-
opment (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; Ca-
ceres 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 11¢). Such errors show the im-
portance 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 of axonal and dendritic arbors
(stage 5), which continues for some weeks, is discussed elsewhere
(Banker and Waxman, 1987). The distinction between stages 4
and §, although somewhat artificial, is nonetheless important.
It does not represent an abrupt, qualitative change in cell or-
ganization, but rather a change in the control of development.
Cell interactions play an important role in modulating the mat-
uration of hippocampal neurons. In contrast, the events of stages
1-4 appear to be part of an endogenously determined program
of neuronal development.

Stage 1: formation of lamellipodia. Shortly after the cells at-
tach 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 ixn 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-dimen-
sional substrate. Nevertheless, in culture the formation of neu-
rites appears to be associated with changes in lamellipodia. The
lamellipodia, which initially surround most of the 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 de-
velopment is characterized by the transformation of lamelli-
podia into distinct processes, which, in the course of a few hours,
extend to a length of 10-15 um. Once they attain this length,
they exhibit little net elongation, although they remain motile
and extend and retract for short distances. At the light-micro-
scopic 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 ob-
served 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. 4, After 4 hr, only one cell (cell /) 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 74. 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 | 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 51 pym 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
I 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 / 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 (af in H), 2 more between 27 and 35 hr (a2 and a3 in I). 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 afier 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 um 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 (J) this second, axonlike process stopped elongating and retracted, while the first resumed its rapid elongation, attaining a length of 150 um
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 H) and grew to a length of 50 um by 36 hr (/). 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 um 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 (f), 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 um.

198 1; Bicknell and Beal, 1984). In none of these cases is it known 5-10 times greater than the other processes of the cell. This

whether the definitive axon or the definitive dendrites arise from
these short processes, as occurs in hippocampal cell cultures, or
whether the short processes simply disappear.

Stage 3: formation and growth of the axon. Several hours after
the appearance of minor processes, a rather abrupt change oc-
curs: one of the minor processes begins to grow at a much more
rapid rate. From this stage onward, its rate of growth will average

process is the axon, and it can be identified unequivocally as
soon as its growth spurt begins. At this point, the cell has become
polarized. All of the cells we observed by time-lapse recording
followed this pattern of axon formation, but our sample was
not large enough to detect exceptions, should they occur infre-
quently. 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 large filled circles. For the cell in 4, 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, ulti-
mately extending to about 175 um 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 (corre-
sponding to a in Fig. 6G) began to grow rapidly about 24 hr after plating
(large filled 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 um. The second process retracted but did not
disappear entirely; instead, in its later growth, it became indistinguish-
able from the cell’s other minor processes (small filled circles).

How is it that one neuronal process, the axon, acquires prop-
erties distinct from the other processes arising from the same
cell? One obvious possibility is that this is determined by the
timing of process outgrowth: the first process to arise from the
cell becomes the axon; any succeeding processes become den-
drites. Our results show that this simple idea is not correct, at
least for hippocampal neurons that develop in culture. Several
minor processes all arise at about the same time, and the first
of them does not necessarily become the axon (e.g., cell 2 in
Fig. 6).

When do neuronal processes become specified as axons or
dendrites? Are they determined at the time of their initiation,
or do they acquire their definitive identity only at some later
time? This question must finally be addressed by experimental
methods, but our observations are consistent with the latter
possibility. First, the initial processes that arise from the cell
appear identical on the basis of their light-microscopic mor-
phology and their patterns of motility. Second, and more sugges-
tive, in a few cases the determination of the axon exhibited an
apparent plasticity (e.g., cells 3 and 4, Fig. 6). First one process
began to grow at a rate typical of axons, then its growth ceased
and a different process took on axonal characteristics. In one
case the second process became the definitive axon; in another,
the first resumed its growth while the second retracted and be-
came a dendrite. These observations raise the possibility that
several, perhaps all, of the initial processes are capable of be-
coming axons, but when one acquires axonal properties the
remaining processes are prevented from becoming axons.

Stage 4: growth of dendrites. Like the axon, dendrites develop
from the minor processes that appear during the first day in
culture, but significnt dendritic growth begins only after about
4 d in culture, 2-3 d after axonal outgrowth. The temporal
difference in the initiation of significant axonal versus dendritic
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 ob-
vious but important respects. First, dendrites grow more slowly
than axons. This seems intuitively obvious from the great dif-
ference in length of mature axons and dendrites, but we believe
our observations are the first to determine and compare the
rates of 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 differences in growth rate are apparently en-
dogenous, since, under the circumstances of our observations,
the developing dendrites are not contacted by afferents and the
developing axons do not innervate their target cells. Of course,
these rates might well be modulated when such cellular inter-
actions occur. Second, unlike axons, several dendrites grow at
the same time. If some internal mechanism prevents simulta-
neous elongation of more than one process during the phase of
axon initiation, it must be altered when dendritic development
begins.

Comparison with previous studies of neurite growth in culture

Previous observations of neurite development by living nerve
cells have focused almost entirely on cells from the PNS. The
outgrowth of axons by hippocampal neurons in culture is similar
in many respects, but there are several important differences.
First, there appears to be a difference in how axon number is
determined. In mature cultures, sympathetic neurons typically
have a single axon and several dendrites (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 (4), 12 hr (B), and 33 hr (O) in vitro. The cell at right in 4 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 /eff. Six days later, the culture was fixed and immunostained to localize MAP2, as illustrated in the phase-contrast and bright-
field photomicrographs (D and E, respectively). Both of the daughters of the cell that divided expressed the neuron-specific protein MAP2; 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 neurons put out sev-
eral, apparently identical, processes (Bray, 1973; Letourneau,
1975a; Role and Fischbach, 1987) that tend to resemble axons
in their light- and electron-microscopic morphology (Yamada
etal., 1971; Bunge, 1973), their rate of elongation (Bray, 1973;
Letourneau, 1975a), and their ability to form presynaptic ter-
minals (Role et al., 1987). Thus, it may be that some classes of
peripheral neurons establish their mature form through the re-
traction of supernumerary axonlike processes during the course
of their development in culture; this has been observed directly
for ciliary neurons (Role and Fischbach, 1987). This stands in
marked contrast to the morphogenesis of hippocampal neurons
in culture, which in most instances put out only a single axon
from the outset of their development.

Second, the average growth rate of hippocampal axons (5 um/
hr during the first 18 hr of axonal elongation) is about an order
of magnitude slower than the rates typical of PNS neurites (40-
100 um/hr; see Bray, 1973; Luduena, 1973a, b; Letourneau,
1975a). Rogers et al. (1983) have also noted that the average
length of retinal neurites, measured after 2 d in culture, is much

shorter than the length of peripheral ganglion cell neurites grown
under identical conditions. In the case of hippocampal neurons,
the most important reason for the slow rate of increase in 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 1-2 hr was much more comparable to the rates
of elongation reported for PNS cells. The significance of the
remaining, roughly 2-fold, difference in rates of growth during
periods of active elongation is unclear. There could be important
endogenous differences between CNS and PNS cells. Alterna-
tively, optimal substrates for CNS growth in culture may yet
await discovery.

A third difference between our observations and those of pre-
vious investigators concerns the mode of axonal branching. In
Bray’s (1973) classic studies of sympathetic neurons, branching
occurred by bifurcation of the growing tip, each branch capturing
a portion of the original growth cone; collateral branching was
not observed. In contrast, our observations of hippocampal neu-
rons suggest that branching occurs predominantly by the for-
mation of collaterals along the axon some time after the initial
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Figure 9. Stages of development of hippocampal neurons in culture. The approximate times at which cells enter each of the stages is indicated.

growth cone has passed this point. This result is not unprece-
dented. For example, Speidel (1941, 1942) described examples
of the extension and retraction of collateral branches of axons
in tadpole skin. Indeed, sensory neurites, which normally branch
at their tips in culture, can be induced by amputation to form
growth cones and even collateral branches at any point along
their lengths (Bray et al., 1978). We do not regard these differing
observations as contradictory; rather, they suggest that axons
are capable of forming branches by both of these modes. Specific
environmental conditions, such as the character of the substrate
or the presence of trophic agents like NGF, may modulate the
frequency with which each mode of branching occurs. On the
other hand, it is premature to generalize Bray’s observations to
quite different situations, such as the induction of dendritic
branching in situ (Vaughn and Henrikson, 1974; Berry, 1982).

The role of microtubules in process outgrowth and the
establishment of polarity

The role of microtubules in the extension of neuronal processes
has been extensively studied at the morphological and bio-
chemical levels (Yamada et al., 1970; Drubin et al., 1985; Black
et al., 1986). The reorganization that occurs as lamellipodia
become growth cones and microtubules assemble and become
aligned in newly forming processes is likely the same in hip-
pocampal neurons as in the more frequently studied peripheral
neurons and PC12 cells. However, subsequent events in the
morphogenesis of hippocampal neurons suggest that the control
microtubule assembly within a single cell can be considerably
more complex than studies of peripheral neurons would suggest.
The establishment of the axon (i.e., the transition from stage 2
to stage 3) must involve a refined spatial control of microtubule
assembly to permit the selective extension of one process while
the other processes remain stationary. Since axonal elongation
is intermittent, microtubule assembly in the axon must be under
temporal control as well. Moreover, the formation of collateral
branches must be accompanied by a redirection of the transport
of microtubules within the axon. The growth of dendrites is
marked by still further changes in the control of microtubule
assembly. Net assembly of microtubules, confined predomi-
nantly to the axon during stage 3, must now occur in all of the
cell’s processes. However, since the growth rate of the axon is
much greater than that of the dendrites, the rate of microtubule
assembly must be controlled separately for the 2 sets of pro-

cesses. All of these events point to the importance of elucidating
the changes that occur in the control of microtubule organization
and function during neuronal morphogenesis.

Because they are differentially distributed, microtubule-as-
sociated proteins (MAPs) might be considered prime candidates
to regulate the spatial control of microtubule function during
neuronal development. In the processes of mature neurons, one
neuronal MAP, MAP?2, is preferentially localized in dendrites,
whereas another, tau, is preferentially localized in axons. At the
time hippocampal neurons become polarized, however, MAP2
and fau are not differentially distributed; both are present in
the axon and in the minor processes (Caceres et al., 1986; Dotti
et al., 1987).

Kirschner and Mitchison (1986) have recently proposed that
cells acquire an asymmetric shape and become polarized by the
selective stabilization of a subset of their microtubules. The
microtubules of nonpolarized cells in culture are dynamically
unstable (Soltys and Borisy, 1985; Schulze and Kirschner, 1986).
According to Kirschner and Mitchison’s (1986) hypothesis, an
external signal impinging on one region of a cell causes a local
biochemical change that preferentially increases the stability of
microtubules extending into that region. The enhanced micro-
tubule stability leads to 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 specific case of hippocampal
neurons developing in culture, predicts that the transition from
stage 2 to stage 3 would be marked by the selective stabilization
of microtubules in the elongating axon. This aspect of the model
is quite plausible and directly testable.

In a more general sense, however, Kirschner and Mitchison’s
(1986) suggestion that polarization arises in response to an ex-
ternal signal is not compatible with our data. In situ signals
might operate to determine the orientation of axonal outgrowth,
but our results show that polarization per se occurs in the ap-
parent absence of external signals. To understand how a neuron
establishes its characteristic shape, with a single axon and sev-
eral dendrites, one must look to the internal organization of the
cell itself.

Note added in proof: Recent experiments (Dotti and Banker,
1987) show that if the axons of hippocampal neurons are cut
during stage 3 of development, one of the minor processes fre-
quently becomes the new axon. The stump of the initial axon
often remains and becomes a dendrite.
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