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Abstract 

Neurons in “mature” (4- to 6-week-old) dissociated cell cultures of 15-day gestational age rat fetal 
cortex were injected with Lucifer Yellow in order to compare their detailed morphological features 
with those of cortical neurons in situ, and in order to determine which features of cellular morphology 
were dependent on local environmental conditions. Neurons were characterized by their cell form 
(pyramidal, multipolar, fusiform, etc.), dendritic branching pattern, spine density, and axonal 
projections. The neurons in culture appeared to display all the morphological features seen in 
cortical neurons in situ. These characteristics appeared to be independent of whether an individual 
neuron grew in a dense or sparse region of the culture. In addition, examination of neurons during 
early differentiation indicated that many of their morphological features developed as soon as the 
neurons could be recognized and before extensive synapse formation occurred. 

Neurons from central and peripheral vertebrate nerv- 
ous systems can be identified by a variety of morpholog- 
ical, biochemical, histochemical, electrophysiological, 
pharmacological, and functional characteristics, some of 
which depend on their locations and some of which are 
genetically determined properties of the neurons them- 
selves. Although ultimately all of a neuron’s properties 
have a genetic basis, the contribution of the environment 
to the differentiation of individual vertebrate neurons is 
not well understood. In a cell culture preparation, neu- 
roblasts and undifferentiated neurons are removed from 
their natural environments and allowed to differentiate 
in a two-dimensional system under controlled conditions. 
Since neurons in cell culture have been shown to develop 
a variety of morphological, biochemical, and electrophys- 
iological characteristics comparable to their counterparts 
in situ, we can examine how these properties depend on 
specific culture conditions and how the different prop- 
erties interrelate with one another in individual neurons. 

It has already been demonstrated that several neuronal 
cell types which have distinct morphological features 
in uiuo exhibit those features in the relatively arti- 
ficial environment of dissociated cell culture. These in- 
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elude spherical sensory ganglion cells (Scott et al., 1969), 
large multipolar spinal cord motor neuron-like cells 
(Fischbach, 1970), and cortical pyramidal-shaped cells 
(Dichter, 1978). In addition, some specific aspects of 
neuron-glial relations can also be maintained in culture 
(Waxman et al., 1977). Whether these and other ccl 
types maintain their particular biochemical and physio- 
logical differentiation in vitro has not been fully ascer- 
tained, in part because such studies are hard to perform 
in the complex structure of the cortex in situ. 

We have been interested in the development of mam- 
malian cortical neurons, the formation of local synaptic 
connections between cortical neurons, and the correla- 
tion of specific morphological features of neurons with 
their biochemical or physiological properties. We have, 
thus, begun an analysis of the detailed morphology of 
cortical neurons in culture and the interaction between 
local environmental conditions and the development of 
certain morphological characteristics. 

There have been many attempts over the years to 
divide cortical neurons in situ into meaningful subclasses 
on the basis of structural features alone. Golgi (1886) 
focused on axonal morphology and divided cortical neu- 
rons into two classes, cells with long axons and cells with 
short axons. Lorente de No (1922) considered both ax- 
onal morphology and dendritic branching and described 
as many as 40 subtypes based on their relationship to 
cortical layering (later he reduced this number to five; 
Lorente de No, 1938). Sholl (1953) proposed a classifi- 
cation scheme that again reduced the subtypes to two 
classes, pyramidal and nonpyramidal or stellate, a dis- 
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tinction that has been preserved in almost all subsequent 
classification schemes. However, the Golgi-Cox stain 
Sholl employed was relatively insensitive to dendritic 
features such as spines. Many subsequent studies em- 
ployed the rapid Golgi method which stains spines well. 
These authors have emphasized the importance of spine 
density in classifying neurons (Globus and Scheibel, 
1967c; Lund, 1973; Garey, 1971; West and Kemper, 1976; 
Feldman and Peters, 1978; Peters and Regidor, 1982). 
For example, Feldman and Peters (1978) classified non- 
pyramidal cells, based on their dendritic branching pat- 
tern, into three groups described as multipolar, bipolar, 
and bitufted and further subdivided these groups on the 
basis of their dendritic spine density into spinous, 
sparsely spinous, and spine-free varieties. The pattern of 
axon branching has also played a role in some classifi- 
cation schemes. A study by Jones (1975) divided nonpyr- 
amidal cell types in monkey somatosensory cortex into 
seven groups, each with a unique pattern of axonal 
ramification. The subcortical gray matter has also been 
the subject of similar attempts at cell classification (see 
for example Cajal, 1911; Sekuler et al., 1975; Difiglia et 
al., 1976). 

We have injected Lucifer Yellow into cortical neurons 
grown in a dissociated cell culture system in order to 
study neuronal morphologies. We wanted to determine 
whether the morphological criteria that had previously 
been applied to cortical neurons in vivo could be applied 
to neurons in vitro. Cultured cells were studied in terms 
of their overall shape, dendritic branching patterns, den- 
dritic spine density, and axonal morphology. In addition, 
each of these parameters was examined in relation to 
local conditions of neuronal density within the cultures. 

Materials and Methods 

Intracellular micropipettes were made from fiber-filled 
glass (Frederick Haer) pulled on a model P77 (Brown- 
Flaming micropipette puller (Sutter Instrument Co., San 
Francisco, CA). The electrodes were back-filled with 3% 
aqueous Lucifer Yellow CH, supplied by Walter Stewart, 
and had resistances of 100 to 150 megohms. 

The electrodes were beveled to resistances of 80 to 100 
megohms by immersion into a 50-ml beaker containing 
a slurry of 120-grid silicon carbide (Buehler Limited, 
Evanston, IL) spun by a magnetic stirring rod. The 
electrodes were connected to a high input impedance pre- 
amplifier (WPI) equipped with a modified Wheatstone 
bridge circuit for passing currents through the electrode. 
Potentials were displayed on an oscilloscope screen and 
were recorded with a penwriter. 

In all cells studied, penetration of the cell by the 
microelectrode was accompanied by a DC potential shift. 
Membrane potentials were generally -40 mV or greater, 
and action potentials could be triggered by depolarizing 
current pulses in all cells. Cells were filled with dye by 
passing constant 3-nA hyperpolarizing current through 
the electrode for 3 to 5 min. By the end of the period of 
dye staining, the electrophysiological properties of the 
cells had deteriorated and many were no longer able to 
generate action potentials. 

Cortical cultures were placed in a heated chamber 
(35°C) on the stage in an inverted phase contrast micro- 

scope (Zeiss) equipped with an epifluorescence light 
source with an excitation filter of 450 to 490 nm and a 
barrier filter of 520 nm in the light path. Cells were first 
visualized under phase contrast optics (X 200) and then 
monitored through fluorescence filters as they were being 
filled with dye. Cultures containing filled cells were fixed 
first by dropwise addition of 4% formaldehyde in 0.1 M 

sodium phosphate buffer (pH 7.4) and then by immersion 
into the fixative for 30 min. Some coverslips were sub- 
sequently rinsed in buffer, dehydrated in graded alcohol, 
and mounted in methacrylate mounting medium; others 
were simply rinsed in buffer and mounted in glycerol so 
that the cells could still be visualized under phase con- 
trast optics. The methacrylate proved a more stable 
mounting medium with very little fading of fluorescence 
over time, whereas the glycerol-mounted tissue developed 
a bothersome autofluorescence after several months. The 
photographs were taken of fixed and mounted tissue on 
a Zeiss photomicroscope equipped for both epifluores- 
cence and phase contrast microscopy. 

Detailed methods for preparing and maintaining cor- 
tical cells in culture from 15-day rat embryos have been 
described elsewhere (Dichter, 1978; Snodgrass et al., 
1980). Briefly, pregnant Sprague-Dawley rats, 15 days 
past conception, were stunned, and the embryos were 
removed using sterile technique. The cortical hemi- 
spheres were carefully removed, and the underlying dien- 
cephalon and hippocampus were trimmed away. The 
cortices were gently minced into small pieces, treated 
with trypsin at 37°C for 2 hr, and triturated to produced 
a cell suspension. The cells were filtered and plated at a 
concentration of 1.5 x lo5 whole cells onto collagen- and 
polylysine-covered 12-mm diameter glass coverslips. Cul- 
tures were used for neuronal staining at 2 to 6 weeks in 
vitro. 

Results 

Cell types. For 66 of the 70 cells reported here, it was 
possible to classify them as pyramidal-like (18 of 70), 
fusiform (21 of 70), or multipolar (27 of 70), according 
to the following criteria. A pyramidal-like cell had a 
triangular perikaryon with one prominent “apical” den- 
drite at its apex, several somewhat shorter “basilar” 
dendrites, and many spines along the dendrites (Fig. 1, 
A and B). If the dendritic processes emerged only from 
opposite poles of the perikaryon, the cell was classified 
as fusiform, either bipolar or bitufted, depending on 
whether there were single or multiple dendrities, respec- 
tively. Fusiform cells often had spherical somata and had 
either spiny or aspinous dendrites (Fig. 1, C and D). 
Cells were classified as multipolar if they had multiple 
processes of approximately equal lengths arising from 
multiple sites around the perikaryon. Multipolar cells 
had a wide range of spine densities on their dendrites 
(Fig. 1, E and F). 

Growth of different cell types. In cultured cortical neu- 
rons, indirect evidence suggests that the distinctions 
between pyramidal-like, fusiform, and multipolar cell 
types are preserved from the earliest states of differen- 
tiation. When neurons first begin to develop processes 
during the first 24 hr in culture, many can be classified 
into one or another of the three morphological groups 
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Figure 1. Mature neuron morphology. A and B, Examples oft 
They both have spiny processes, triangular perikarya, basilar d 
with aspinous dendrites. D, A fusiform cell with spiny dendrites 
neuron. Scale bar = 100 p. 

(Fig. 2). Moreover, when 15 individual cells were ob- Dendritic branching. An assessment of dendritic 
served in serial photographs taken at 6-hr intervals, cells branching was obtained by a modification of the concen- 
that initially developed as fusiform, multipolar, or py- tric ring method of Sholl(l953). Photographs were taken 
ramidal-like retained these morphologies during the first of four cells of each neuron type, and concentric circles 
week in culture. Later, individual cell processes became were drawn centered on the cell body with radii that 
obscured by the overgrowing astrocyte layer, and neu- increased by 20-p increments from 20 to 300 p. The 
ronal morphology was more difficult to describe. number of dendritic processes crossing each circle was 

.wo dye-filled cells that resemble pyramidal cells in morphology. 
endrites, and a prominent apical dendrite. C, A bipolar neuron 
#. E, A sparsely spined multipolar neuron. F, A spiny multipolar 
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then counted and tabulated. A graphic representation of 
these data is seen in Figure 3, which illustrates the degree 
of dendritic branching for each of four cell types, pyram- 
idal-like, bipolar, and spinous, and aspinous multipolar 
neurons. The dendritic branching pattern of pyramidal- 
like neurons is distinctly different from the pattern seen 
in bipolar neurons which have fewer dendritic branches 

but longer dendritic lengths. Spiny multipolar cells also 
have a more profuse dendritic arbor than aspiny multi- 
polar cells. The mean peak number of dendritic crossings 
for pyramidal neurons in vitro is 28 at 80 p from the 
perikarya and is higher than their in situ counterparts 
where peak values range from 12 to 18 crossings between 
55 and 100 p from the perikaryon (Sholl, 1953; Green- 

Figure 2. Development of cortical neurons in uitro. Cells were photographed in phase contrast after 24 hr in culture. A and B, 
Bipolar cells. C, A pyramidal-like cell. D, A multipolar cell on the right and a fusiform cell on the left. Scale bar = 25 p. 

I 
I  I  

20 100 200 300 

Distance from perikaryon (p) 

Figure 3. Dendritic branching analysis of four neuronal types based on number 
of processes crossing a series of concentric circles at ZO-K intervals. Solid triangles, 
pyramidal neurons (n = 3). Open triangles, bipolar neurons (n = 3). Open circles, 
spiny multipolar neurons (n = 4). Open squares, aspinous multipolar neurons (n = 
4). 
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ough and Volkmar, 1973; Kelche and Will, 1982). These 
differences may be a result of the in uitro method which 
compresses the three-dimensional cell processes into an 
essentially two-dimensional plane and would be expected 
to increase the number of counted crossings. 

Spine density. The development of spines might be a 
useful morphological trait to study the way environment 
influences neuronal development. Cells were sorted into 
four categories on the basis of dendritic spine density. 
Aspinous cells had no spines visible per 50-p dendritic 
length measured on a secondary dendritic branch ap- 
proximately two cell diameters from the perikaryon. 
Cells were classified as sparsely spiny if they had fewer 
than 15 spines/50 p, spiny if they had 15 to 25 spines/50 
II, and very spiny if they had greater than 25 spines/50 
p (see Fig. 4A). All of the cells classified as pyramidal- 
like were in the two categories of highest spine density. 
Although there were morphological variations in the 
dendritic spines and both sessile and pedunculated forms 
were seen, no attempt was made to categorize these 
differences. 

In cultured cortical neurons, there was a correlation 
between spine density and the number of dendritic 
branches. In general, cells with fewer dendritic branches 
also had fewer spines on their dendrites. This is illus- 

trated in Figure 3, which shows a greater degree of 
dendritic branching in spiny multipolar neurons com- 
pared to nonspiny multipolar neurons. An index of den- 
dritic branching was obtained from photographs of each 
cell by counting the number of processes that crossed a 
circle with a radius of 100 p centered on the cell perikar- 
yon (Fig. 4B). Cells with the highest number of processes 
also tended to have the highest spine densities. This 
trend is illustrated in Figure 5 (top), where the number 
of spines is plotted against the degree of dendritic 
branching. In contrast, when spine density is graphed 
against age in culture from 2 to 6 weeks, no clear pattern 
emerges (Fig. 5, bottom). 

The correlation of spines with cell type is illustrated 
in Figure 6. All bipolar cells examined (n = 5) have long 
dendrites with few branches and are either aspinous or 
sparsely spinous. In contrast, many multipolar cells and 
all pyramidal-type cells have multiple branching den- 
drites that bear many spines. 

The neuronal environment does not seem to influence 
whether a cell will have spinous or aspinous processes in 
uitro. Cells were examined in relation to neighboring 
neurons in the microscopic field to determine whether 
proximity to other neurons and their processes might 
correlate with the number of dendritic spines. Figure 7 

Figure 4. A, Spine index was determined by counting the number of spines visible per 50-p length of dendrite at a distance of 
two cell diameters from the perikaryon. 1 to 4 are examples of dendrites classified as nonspiny, sparsely spiny, spiny, and very 
spiny, respectively. Scale bar = 50 cc. B, An index of dendritic branching was obtained by counting the number of processes 
crossing a circle with a radius of 100 p as shown for a multipolar neuron with a dendritic index of 50 in this example. Scale bar 
= 200 p. 
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Figure 5. Relationship of spine index to dendritic index and age in culture. 
The top graph illustrates a correlation between spine density and degree of 
dendritic branching. Thd bottom graph reveals no clear correlation between 
spine density and age in culture from 2 to 6 weeks. 

illustrates multipolar neurons growing in moderately 
populated regions of a culture dish. Some neurons devel- 
oped multiply branching spiny processes (Fig. 7, C and 
D) whereas others growing in similarly populated areas 
of the same dish developed sparsely spined processes 
(Fig. 7, A and B). Because cell clusters often formed as 
cultures matured, it was possible to study single cells 
with processes that were growing into regions of high 
cell density and compare them to other processes of the 
same cell growing into areas devoid of neuron cell bodies. 
In all cases studied (n = 8), processes of a given cell had 
an equal spine density regardless of the proximity of 
other neurons (see Fig. 8). We do not know whether the 

number of synaptic contacts differs in different regions 
of the dish, and this may influence the number of spines 
we observe. 

Cell cultures. When cell cultures matured, clusters of 
neurons would sometimes form and in many cases bun- 
dles of fibers would connect one cluster to another 
nearby. When cells within cell clusters were filled with 
dye, their processes were often seen to ramify entirely 
within the cluster or to travel from cluster to cluster 
along the large neurite bundles (Fig. 9). These cells could 
not be visualized well enough to categorize. 

Axons. Axons were easily identified because they were 
the finest and longest of the cell processes and were 
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Figure 6. Correlation between cell type and spine density. A, A bipolar neuron with few dendritic branches and few dendritic 
spines. B and C, Fusiform cells with few dendritic branches and no dendritic spines. D, A pyramidal neuron with very spiny 
dendrities. E and F, Two multipolar stellate cells with many dendritic branches bearing many spines. All of these neurons were 
cultured for 4 to 5 weeks prior to filling with dye. Scale bar = 100 p. 

totally devoid of spines. Axons did not usually fill corn- Multiple axons were not observed, nor did they arise 
pletely but became gradually fainter with distance from from terminal dendrites as reported in dissociated hip- 
the perikaryon until they were unresolvable. However, pocampal cultures (Banker and Cowan, 1979). The axons 
in many cases, at least the initial course of the axon did not usually extend toward nearby cells nor were they 
could be determined. Axons most often originated from clearly oriented toward neighboring cell clusters and 
the cell body near the site of origin of a dendritic process often took a relatively straight course running between 
or as a branch off the proximal segment of a dendrite. neuron cell bodies. 



Figure 7. Relationship between cellular density in the environment and spine density. A and B, Examples of multipolar 
sparsely spined neurons growing in moderately populated regions of the culture dish. C and D, Examples of multipolar spiny 
neurons growing in areas of the same culture dish with similar or slightly less surrounding cell density. The brightest cell in each 
photograph is filled with dye. The remainder of the neurons are visible due to tissue autofluorescence that developed after several 
months in glycerol wet mounting medium. Scale bar = 100 p. 



Figure 8. Single neuron with dendritic arborization in a cluster and in a sparsely populated region of the culture. A is a phase 
contrast photomicrograph with a labeled neuron (arrowhead) near a cell cluster. B, Fluorescent micrograph of the same field as 
in A. This cell has a similar degree of spine density on tertiary dendrites within a cell cluster (mean of 13 spines/50 p) as on 
tertiary dendrites extending into a relatively acellular area (mean of 12 spines/50 CL). Spine counts were obtained at higher 
magnification. Scale bar = 100 p. 
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Figure 9. Examples of dye-filled cells that have developed in relation to cell clusters. These cells generally have processes that 
ramify within the same cell cluster or in adjacent cell clusters. Scale bar = 100 p. 

Another interesting feature of axon morphology in 
these cultures was the pattern of branching. Different 
types of cells appear to have different patterns of axon 
branching. The most luxuriant recurrent axonal ram- 
ifications were seen in relatively large aspinous multi- 
polar neurons (n = 6) (see Fig. 10, C and D). These cells 
had multiply branching recurrent axon collaterals that 
ramified within the area of their dendritic fields and had 
one primary branch that extended much further. In 
contrast, large, aspinous fusiform cells (n = 4) had sev- 
eral long axon branches with relatively little higher-order 
branching (see, for example, Fig. 1OE). Pyramidal cells 
(n = 4) had axons which gave off arcades of collateral 
branches and were quite different in this respect from 
the axons of multipolar or fusiform cells (see Fig. 10, A 
and B). 

Artifixct. Because cells were monitored electrophysio- 
logically and visually while they were filling with dye, it 
was possible to observe morphological changes that ac- 
company cell death. Occasionally a well filled cell was 
injured during withdrawal of the electrode. Cell processes 
would suddenly develop varicosities coincident with the 
loss of the resting potential. The finest dendrites were 
the most commonly affected, but if the injury was severe, 
such as a frank rupture of the cell body membrane, then 

all of the dendrites and the axon would develop varicos- 
ities in seconds (Fig. 11). It is possible that beaded 
processes observed in some neurons stained by rapid 
Golgi and Golgi-Kopsch methods also represent a similar 
response to injury (Garey, 1971; Valverde, 1971; LeVay, 
1973; Lund, 1973). 

Discussion 

An important question in the study of neuron differ- 
entiation is how much of a given cell’s shape and function 
is determined genetically or is “context-independent” 
and how much is determined by interactions with the 
cellular environment or is “context-dependent.” The 
classification scheme proposed here relies heavily on the 
number and distribution of initial processes around the 
perikaryon to distinguish bitufted cells from multipolar 
or pyramidal neurons. These features, the number and 
arrangement of processes about the cell body, are likely 
to be context-independent properties of cell morphology 
that can be preserved during in vitro development. Even 
in neuroblastoma cell cultures where cell shape is highly 
variable, the morphologies of mitotically related cells are 
strikingly similar in neurite number, position, length, 
and branching pattern (Solomon, 1981). Observations of 
cortical pyramidal neurons in situ support the suggestion 
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Figure IO. Relation of axon branching patterns to cell type. Reverse-printed photographs of Lucifer Yellow-filled cells are 
shown on the left; only the axons and perikarya shown as camera lucida drawings are displayed to the right. A and B, Examples 
of pyramidal-type cells with axons that have arcades of collateral branches. C and D, Examples of large multipolar cells with 
axon branches ramifying within the dendritic field. E, An example of a large aspinous fusiform cell with a long, relatively 
unbranched axons. Scale bar = 100 p. 

that the initial direction of outgrowth of axon and den- cases the pattern of dendritic branching and the direction 
drite is an intrinsic property of the individual neuron. A of initial axon growth conform with the axis of the cell 
small percentage of pyramidal cells in mammalian cere- body rather than with the orientation of the surrounding 
bra1 cortex are improperly aligned or inverted. In these cortex (Jacobson, 1978, p. 201). 
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There are many reports indicating that environment 
can influence dendritic branching and spine density. For 
example, surgical and behavioral manipulations can alter 
the degree of dendritic branching and the spine density 
along dendrites of cortical pyramidal neurons. Light 
deprivation has been shown to decrease dendritic branch- 
ing in pyramidal neurons in cat visual cortex (Coleman 
and Riesen, 1968) and also to decrease the number of 
spines developing on pyramidal cells in the visual cortex 
of mice (Ruiz-Marcos and Valverde, 1969). Conversely, 
rearing rats in visually enriched environments has been 
reported to increase the number of higher order dendritic 
branches in visual cortical neurons (Volkmar and Green- 
augh, 1972) and also to increase the density of spines 
(Schapiro and Vukovich, 1970; Globus et al., 1973). The 
number of spines surviving until maturity depends on 
the development and maintenance of afferent fibers from 
the lateral geniculate. When lateral geniculate neurons 
degenerate following enucleation, the spine density of 
pyramidal cells in the striate cortex decreases (Globus 
and Scheibel, 1966, 1967a, b, c, d; Valverde, 1968; Val- 
Verde and Este’ban, 1968). In addition to the examples 
already mentioned concerning visual cortex, experimen- 
ters using direct electrical stimulation of the neocortex 
of adult cats reported a subsequent increase in both spine 
density and dendritic branching in pyramidal neurons 
(Rutledge et al., 1974). 

Many manipulations that alter spine density in vivo, 
therefore, also have a similar effect on dendritic branch- 
ing. As shown in this report in Figure 5 (top) the density 
of spines correlated with the degree of dendritic branch- 
ing for most neocortical neurons in vitro. It is possible 
that these two morphological features of neocortical neu- 
rons, spine density and dendritic branching, are context 
dependent, that is, influenced by the same or similar 
environmental factors, perhaps the number of synaptic 
contacts or cell-substrate adhesion. We were unable to 
examine whether the number of synaptic contacts onto 
a cell influenced its morphology, but we did observe that 
neuron density in the immediate environment of the cell 
had no effect. Neurons were observed with equally lush 
dendritic branches and spines in relatively neuron-sparse 
areas as well as in heavily populated regions of the dish. 
This agrees with the observation that hippocampal py- 
ramidal cells develop a similar degree of dendritic 
branching when grown in high density or low density cell 
culture (Banker and Cowan, 1979). 

Spine density may be context dependent, but the pres- 
ence or absence of spines appears to be an intrinsic 
property of a given cell. Globus and Scheibel (1967c) 
studied rabbit visual cortex cells with the rapid Golgi 
method and concluded that the presence or absence of 
spines was more likely a function of output than input. 
They observed that neurons with extracortical axons had 

Figure 11. A rapid morphological change associated with injury. A neuron with processes that became beaded over seconds 
when the cell was injured by a microelectrode after dye filling. Scale bar = 100 p. 
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spiny dendrites and cells with intracortical axons were 
devoid of spines. Similarly, LeVay (1973) also correlated 
the presence or absence of spines on the dendrites of 
visual cortical neurons with the morphology of their 
axons. The presence of spines also correlated better with 
the cell type than with the environment of the cell in 
uitro. For example, bipolar and multipolar neurons were 
the only cells encountered in this study with aspinous 
dendrites, and pyramidal-type cells always had very 
spiny dendrites. This suggests that the presence or ab- 
sence of spines may be an intrinsic feature of the indi- 
vidual neuron and may develop independently of input. 

The morphology of neurons grown in dissociated cell 
culture from a variety of tissue sources has been de- 
scribed, including hippocampus (Banker and Cowan, 
1979; Peacock et al., 1979), spinal cord (Neale et al., 
1978), and sympathetic ganglia (Landis, 1977; Wakshull 
et al., 1979). Despite differing culture conditions, all of 
these neurons develop two types of process, one “dendri- 
tic” and one “axonic.” Neocortical neurons also develop 
axon-like processes in uitro. Although it is difficult to 
examine axonal features in Lucifer-filled cells due to 
technical limitations (axons do not fill entirely with dye), 
some were sufficiently well filled for analysis, and, as 
reported here, the branching pattern of the axons seemed 
to differ with different cell types. Axon morphology has 
also been studied in detail in spinal cord cultures (Neale 
et al., 1978) where excitatory and inhibitory neurons 
were found to have different characteristic patterns of 
axon branching. However, axon morphology can be 
highly pleomorphic in some in vitro systems. Hippocam- 
pal neurons in dispersed cell culture may have multiple 
axons or axons arising directly from dendrites (Banker 
and Cowan, 1979) and in these respects may differ from 
hippocampal neurons in viuo. 

The orientation of cell processes has been analyzed in 
terms of the neighboring cellular environment. For ex- 
ample, dendrites or axons might grow preferentially into 
an area rich in cell processes or in the direction of a 
neuron cluster or they might preferentially avoid these 
areas. This study demonstrates that dendrites and axons 
of some cells differentiate with little regard to the im- 
mediate neuronal environment, whereas other cells that 
form clusters tend to direct their processes toward other 
cells also in clusters. Another observation was that the 
axon of a given cell did not usually run in the direction 
of neighboring cells but most often extended well beyond 
the closest circle of neurons to distances greater than 
200 to 300 h, a distance beyond which dye filling in the 
slender axons was usually too faint for visualization. 

One of the major difficulties in classifying neurons in 
dissociated cell culture into different morphological types 
is that cells in culture are removed from the highly 
organized cortical environment. As a result, cells cannot 
be classified according to their position or orientation 
within the cortex. The location of the cell perikaryon 
within a particular cell layer and the axis of its dendrites 
or the trajectory of its axon with respect to the pial 
surface are meaningless features in vitro. However, the 
classification of cells described here can be compared to 
the description of neocortical neurons in situ based on 
Golgi studies if Golgi-stained neurons are removed from 

their cortical context. The major cell types-pyramidal, 
fusiform, and multipolar-can be found in uitro as well 
as in situ. For example, pyramidal cells in vitro can be 
identified by thick, prominent, apical dendrites even 
without the presence of a “pial” surface. Moreover, these 
cell types develop characteristic patterns of dendritic 
spines and axon morphology. Many of the bipolar and 
bitufted neurons identified in this study had dendrites 
that were either devoid of spines or were only sparsely 
spined. In this regard they resemble bitufted cells de- 
scribed in intact somatosensory cortex (Jones, 1975), 
visual cortex (Globus and Scheibel, 1967c), and striate 
cortex (Feldman and Peters, 1978). We propose that 
these classes of neurons-pyramidal, bitufted, and mul- 
tipolar-represent distinct cell types that differentiate 
along different lines even in the relatively unstructured 
environment of dissociated cell culture. These major 
morphological features, therefore, appear intrinsic to the 
development of the cell and may not require a highly 
organized environment for their expression. 

A classification scheme based on morphology is only 
useful if it can segregate functionally different groups. 
In this regard, in vitro cell culture offers an opportunity 
to explore whether the major morphological cell types 
described here also differ in terms of their physiological 
and biochemical properties. 
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