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To examine the intrinsic properties of postnatal mesolimbic
dopamine (DA) neurons, we dissociated the ventral teg-
mental area (VTA) from postnatal rats, enriched for DA neu-
rons by microdissection or gradient purification, and grew
the cells in culture. In these cultures, up to 50% of neurons
were dopaminergic. DA neurons resembled their in vivo
counterparts in soma shapes, and in showing two levels of
tyrosine hydroxylase (TH) expression, axodendritic differ-
entiation, two sizes of synaptic vesicies, nest-like synaptic
arrangements with non-DA cells, and synaptic specializa-
tions. Electrophysiologically, however, they could not be dis-
tinguished from non-DA cells, which could be consistent with
heterogeneity in cell properties. To examine a functional
subset of VTA DA neurons, we retrogradely labeled VTA
neurons projecting to the nucleus accumbens. These me-
soaccumbens neurons were 86% TH positive, 56% chole-
cystokinin positive, and 0% neurotensin positive; they also
displayed the soma shapes characteristic of DA neurons
more generally and two levels of TH expression. Like their
in vivo counterparts, mesoaccumbens cells generally fired
single broad spikes that were triggered by slow depolari-
zations and had robust spike afterhyperpolarizations, low-
and high-threshold Ca?+ spikes, rapid accommodation of
firing, time-dependent anomalous rectification, and hyper-
polarizing autoreceptor responses. Strikingly, the expres-
sion of these active properties did not change with time in
culture. Mesoaccumbens DA cells could be identified by a
distinctive subset of properties that made up an electro-
physiological signature; however, unlike their in vivo coun-
terparts, they were less often spontaneously active and nev-
er fired in bursts. These results suggest that most DA cell
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properties are intrinsic to the cells, including a significant
heterogeneity that is maintained in postnatal culture; their
level and mode of activity, however, appear to require af-
ferent input. Culturing identified postnatal VTA DA neurons
now makes possible examination of the impact of their in-
dividual properties on synaptic function.

The dopamine (DA) neurons in the ventral tegmental area (VTA)
that give rise to the mesolimbic projection have aroused par-
ticular interest because of their putative involvement in brain
reward mechanisms and schizophrenia. In the intact brain, it
has been difficult to evaluate the intrinsic properties of these
cells because of mutual interactions, multiple inputs, and strong
feedback from target areas. One view has been that DA neurons
form a relatively homogeneous population replaceable by ex-
ogenous DA or transplantation of DA-releasing cells. In fact,
the neurons may be rather heterogeneous and this may impact
significantly on their function (Sesack and Bunney, 1987; Gray-
biel, 1990).

Several lines of morphological and physiological evidence
point to the heterogeneity of DA neurons in the ventral mid-
brain. Morphologically, these DA neurons range from multi-
polar to fusiform in shape (Domesick et al., 1983; Tepper et al.,
1987; Grace and Onn, 1989) and vary considerably in size (Do-
mesick et al., 1983; Grace and Onn, 1989; Yung et al., 1991).
VTA DA cells differ in levels of tyrosine hydroxylase (TH), with
lower levels correlating with more robust inhibitory synaptic
input (Bayer and Pickel, 1990, 1991). Cholecystokinin (CCK)
is differentially distributed in midbrain DA cells (Seroogy et al.,
1987, 1988, 1989). The axons of DA neurons interact with
different compartments in striatum and nucleus accumbens (NA),
making a diversity of synapses on dendritic spines, dendrites,
and cell bodies (Sesack and Pickel, 1990). DA neurons are in
turn modulated by distinct, parallel feedback loops (Fallon, 1988;
Smith and Bolam, 1990). There are two distinct mesocortical
DA innervations, one of which is colocalized with neurotensin
(NT) (Febvret et al., 1991). Electrophysiologically, nigrostriatal
DA neurons fall into two classes based on their firing pattern,
autoreceptor sensitivity, conduction velocity, and rostrocaudal
position (Shepard and German, 1988). They also show two types
of low-threshold Ca?+ spikes (LTSs) that do not appear to cor-
relate with cell morphology or location (Yung et al., 1991).
However, this variation is not so great that it precludes iden-
tification of DA neurons by their electrophysiological properties
(Bunney et al., 1973; Wang, 1981; Grace and Bunney, 1983a,b;
Llinas et al., 1984, Kita et al., 1986; Lacey et al., 1987, 1988,
1989; Matsuda et al., 1987; Silva et al., 1988, 1990; Grace and



Onn, 1989; Mueller and Brodie, 1989; Grace, 1990, 1991b;
Mereu et al., 1991; Yung et al., 1991).

One way to evaluate functional heterogeneity in different DA
cell populations and determine the degree to which their prop-
erties depend on afferent input is to examine them in primary
culture. Fetal DA neurons have been extensively studied in vitro,
where they show the characteristic shapes and transmitter his-
tochemistry (cf. Berger et al., 1982); however, they also show
considerable plasticity in transmitter content and axodendritic
differentiation (Prochiantz et al., 1979; di Porzio et al., 1980;
Rousselet et al., 1988). Electrophysiological studies have been
difficult because DA neurons are a small minority in fetal cul-
tures, usually less than 1% of the neurons (e.g., Heyer, 1984;
Chiodo and Kapatos, 1987; di Porzio et al., 1987; Silva et al.,
1988). Two groups have provisionally identified DA neurons
by appearance (Chiodo and Kapatos, 1987) or by uptake of the
fluorescent neurotoxin 5,7-dihydroxytryptamine (Silva et al.,
1988) and found that fetal DA neurons show several, but not
all, of the characteristic electrophysiological properties (Chiodo
and Kapatos, 1987; Silva et al., 1988). Overall, these findings
suggest that cultured fetal DA neurons are immature and that
their in vitro properties depend significantly on culture condi-
tions.

To examine more mature mesolimbic DA neurons, we de-
veloped techniques for the culture of postnatal mesolimbic DA
cells. In postnatal rats, brain nuclei are well delineated and DA
neurons are somewhat larger than their neighbors, facilitating
the preparation of enriched cultures of DA cells as well as ret-
rograde labeling to identify cells based on their projections. We
used these advances to examine the morphology and electro-
physiological properties of postnatal VTA DA neurons. In cul-
ture, these cells reestablish a range of morphological properties
including the formation of synapses. Certain electrophysiolog-
ical properties are distinctive of DA cells while others are more
variably expressed.

Portions of this work have appeared previously in abstract
form (Rayport et al., 1988, 1989, 1990).

Materials and Methods

VTA cell culture. Rat pups aged 5-7 d (P5-P7) were anesthetized by
hypothermia (Phifer and Terry, 1986). Following anatomical landmarks
verified from tyrosine hydroxylase (TH) staining, a 2.5 mm? block con-
taining the VTA was dissected from a parasagittal midbrain slice. This
was cut into several smaller pieces and enzymatically dissociated under
continuous oxygenation with slow stirring at 32°C. We used either tryp-
sin (Sigma, type XI; 0.35 mg/ml) in a PIPES-buffered saline (Kay and
Wong, 1986) or papain (Worthington, 10 U/ml) in a bicarbonate-buf-
fered saline (using carbogen) (Huettner and Baughman, 1986, 1988)
with comparable results. After 2 hr of incubation, tissue chunks were
washed in plating medium (Sigma Minimal Essential Medium Eagle
with 10% Hyclone supplemented—defined calf serum) and triturated 25
times with a wide-bore, fire-polished Pasteur pipette. Undissociated
tissue was allowed to settle; the supernatant was collected, and the
procedure was repeated twice, combining the supernatants. This yielded
a single-cell suspension that was pelleted and then resuspended in plating
medium at the desired plating density.

Plates were prepared in advance by attaching polyornithine-coated
coverslips under 0.6 cm? holes in the bottoms of 50 mm snap-top
polystyrene Petri dishes (Falcon) and growing glial fibrillary acidic pro-
tein—positive astrocyte monolayers (McCarthy and de Vellis, 1980) to
confluence. An individual VTA was distributed into four wells (80 ul/
well), yielding cell densities of about 40,000 cells per cm? Just after
plating, most neurons retained processes extending one to two soma
diameters that retracted over the course of half an hour. Within 2 hr,
cells attached and elaborated fine neurites. The remainder of the dish
was then flooded with 2.5 ml of SF1C culture medium, which was
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replaced the following day with fresh medium, containing 5-fluoro-
deoxyuridine (25 uM, with 70 M uridine) to suppress growth of non-
neuronal cells. Cultures were subsequently fed once every 2 weeks by
replacing the medium in the dish but not the well. SF1C medium (chem-
ical components from Sigma) was quasi serum-free and contained 47%
Minimal Essential Medium Eagle, 40% Dulbecco’s Modified Eagle’s
medium, 10% Ham’s F-12 nutrient medium, 4.5 mg/ml glucose, 0.25%
albumin, 0.5 mM glutamine, 100 pg/ml transferrin, 15 M putrescine,
30 nM Na,SeO;, 30 nM triiodothyronine, 25 ug/ml insulin, 200 nM
progesterone, 125 nM cortisol, 5 ug/ml superoxide dismutase, 10 ug/
ml catalase, and penicillin/streptomycin; 1% supplemented defined calf
serum (Hyclone) was added to assure glial longevity (modified from di
Porzio et al., 1980; Rosenberg and Aizenman, 1989).

Enriched cultures. Microdissected VTAs were prepared from 1.5 mm?
cubes taken from within the confines of the VTA. For gradient enrich-
ment of DA cells, cells were layered on top of a 5-15% continuous
Percoll (Pharmacia) gradient, centrifuged for 8 min at 75 x g, harvested
in 1 ml fractions, and the large cell fractions pooled. Assessments of
the percentage of DA cells and the sizes of all neurons were made in
adjacent high-power fields until 100 DA or non-DA cells were counted.
Experiments were repeated a minimum of three times; representative
results from single experiments are reported. Cell size (mean diameter)
is reported as the mean of the maximum diameter and the diameter at
90° (to the maximum diameter) of every cell counted.

Retrograde labeling. Mesoaccumbens cells were specifically labeled
with discrete nucleus accumbens (NA) injections of red or green fluo-
rescent latex microspheres (Luma-Fluor) (see Fig. 4). Pipettes with 30—
40um tip diameters pulled from | mm fiber-filled microcapillary glass
on a Flaming-Brown P-80/PC Micropipette Puller (Sutter) were back-
filled with microspheres as supplied. P1 rat pups were anesthetized by
hypothermia; the scalp was reflected and a skull flap was turned. They
were then stabilized in a Plasticine mold using a mouth bar and a hook
inserted through the foramen magnum, and adjusted to bring lambda
and bregma to the same height (cf. Heller et al., 1979; Hoorneman,
1985). We approached the ventrolateral NA from a 30° angle, at co-
ordinates 1 mm anterior, 3.5 mm lateral, and 3.5 mm ventral to bregma.
About 0.1 ul of microspheres were injected into the NA with multiple
10 msec positive pressure pulses (General Valve). We waited 5 min
before removing the pipette to reduce backflow along the injection track.
After bandaging the incision, pups were warmed and then returned to
their mother for the 3-5 d required for retrograde transport. At death,
microsphere placement was confirmed in coronal sections made through
the NA and by visualization of retrogradely labeled neurons in the VTA.
VTA cultures were prepared from the animals where microsphere in-
Jjections were localized 1o the ventral NA (about 60% of injected ani-
mals); all showed discrete VTA labeling.

Histochemistry. DA cells were identified by visualization of either
DA or TH. For aldehyde-induced histofluorescence, cultures were im-
mersed in ice-cold SPG solution (1% glyoxylic acid in phosphate-buf-
fered 7% sucrose, pH 7.4) for 5 min, dried in a laminar flow hood,
covered with mineral oil, heated to 95°C for 5 min, cooled by replacing
the mineral oil, and then examined with fluorescein epifluorescence (De
la Torre, 1980). For TH immunohistochemistry, cultures were fixed
with 4% paraformaldehyde in phosphate-buffered saline, permeabilized
with 0.1% Triton, incubated in «-TH antiserum (Eugene Tech; diluted
1:1000 to 1:10,000) overnight at 4°C, stained using a Vectastain Elite
kit (Vector) with diaminobenzidine as the substrate, and counterstained
with hematoxylin. Cholecystokinin (CCK) and neurotensin (NT) were
visualized similarly, except that cultures were treated for 4 hr with 250
or 500 nM colchicine prior to fixation. «-CCK antiserum (Peninsula)
was used at 1:500 dilution. o-NT antiserum was a generous gift of Dr.
L. Jennes (Wright State University) and used at 1:5000 dilution. Specific
peptide staining was blocked by preincubation of the appropriate an-
tiserum with 0.5 mM CCK or 1.0 mM NT.

Electron microscopy. We used 5-hydroxydopamine uptake to identify
DA neurons at the electron microscopic level (Arluison et al., 1978).
Cells were grown on Aclar coverslips (Masurovsky and Bunge, 1968),
preincubated in 50 uM S5-hydroxydopamine overnight, and processed
as previously described (Sulzer and Rayport, 1990).

Electrophysiology. Electrophysiological data were obtained mainly
from cultures between 7 and 22 d in vitro (DIV) (n = 36 mesoaccumbens
neurons). An additional group of cells in culture for just 2-6 DIV (n =
8 mesoaccumbens cells) was also examined; since their active properties
did not differ from the first group (see below), the results have been
combined. Patch pipettes of about 2 um tip diameter and 5 MQ resis-
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Figure 1. Cellsize and DA status in routine and enriched VTA cultures.
A, In a routine postnatal VTA culture 0.5 DIV, TH staining shows that
DA cells (TH+) constitute 24% of the neurons (see key). The average
diameter of TH* (solid bars) is 140% that of TH~ neurons. For purposes
of comparison, normal curves with the mean and SD of each data set
are superimposed. B;, In a culture 7 DIV made from several microd-
issected VTAs, 51% of the neurons are TH+. TH* neuron diameters
are about 115% of those of TH- neurons. B,, With gradient purification
of the same cell suspension, the percentage of TH* cells in a sister
culture is increased to 75% of the neurons. At this point, the size dis-
tributions completely overlap, precluding further enrichment. Com-
pared to A, the diameters of the neurons are larger because of the
extended time in vitro.

tance (fabricated on the Flaming-Brown Micropipette Puller) were po-
sitioned using Inchworms (Burleigh) mounted on translation stages
(Newport). Cultures were maintained at 32°C during recording and vi-
sualized with modulation-contrast optics. The intracellular solution
contained 115 mM KMeSO, (adjusted to pH 7.25 with KOH), 10 mM
HEPES, 10 mM BAPTA, 2 mM MgCl,, 2 mM ATP, and 100 uM
leupeptin (Kay and Wong, 1987). The extracellular solution contained
140 mM NacCl, 5 mM KCIl, 2 mM CaCl,, 2 mM MgCl,, 25 mM glucose,
and 10 mM HEPES, pH 7.40. Voltage signals were recorded with a
Dagan 8800, digitized with an MI? Interface (Modular Instruments),
and analyzed by SPIKE (Hilal Associates). To avoid washout of DA
responses, we used the perforated patch technique of Horn and Marty
(1988), with a KCl-based intracellular solution without Ca?* chelators.

The electrophysiological data were compiled from uninjured cells
where resting potential, membrane time constant, and action potential
shape were stable for a minimum of 15 min. On reaching whole-cell
mode, endogenous activity was monitored and the cells were then po-
larized to —55 mV to allow comparison of membrane properties; this
required only a modest current injection. Spike width was measured as
the time from peak to 1/e, which closely matched half-amplitude mea-
surements, but was free from the confound of the depolarizing stimulus,
which can obscure the rising phase of the spike. Input resistance was
measured from the linear range of the I/V curve near rest. Membrane
time constant was measured from small hyperpolarizing current pulses;
in several cells, the method of peeled exponentials (cf. Grace and Bun-
ney, 1983a) revealed an equalizing time constant (r,) of less than 2 msec
and the single membrane time constant reported (7,). Focal drug ap-
plication was performed with patch pipettes used as puffers and a Pico-
Injector (Medical Systems).

Statistics. Parametric data are expressed as mean * standard error
of the mean (SEM); percentages reported are of the total numbers of
cells counted. A x2 analysis (Siegel, 1956) was used to compare the
incidence of cell properties to TH status (see Fig. 13), testing if the

frequency of a given cell property differed from that expected if that
property were unique to DA neurons. In this analysis, a significant
difference implies that the property is not uniquely associated with TH
status, while no significant difference is consistent with the association.
To examine changes in the incidence of cell properties with time in
culture, we used the Mann-Whitney U test (Siegel, 1956) to distinguish
whether there was a significant difference in the time in culture of cells
not expressing versus those expressing a given property. Finding no
significant difference would be consistent with the lack of an effect due
to time in culture, while a significant difference would arise if a property
was lost or gained with time in culture.

Results

Postnatal VTA cell culture

Rat DA neurons complete their final divisions almost a week
before birth (Altman and Bayer, 1981), and innervate their pro-
jection areas shortly thereafter (Voorn et al., 1988). Probably
due to this early maturation, postnatal DA neurons do not sur-
vive standard fetal cell culture preparation techniques (cf. Ah-
med and Fellows, 1987). We found, however, that with acute
cell dissociation techniques (Kay and Wong, 1986), differing
crucially in reduced protease concentration, longer incubation
time, continuous agitation, and oxygenation (cf. Huettner and
Baughman, 1986, 1988), most DA cells survived. When plated
on previously established glial monolayers in a quasi serum-
free medium, about 50% survived the first week, and up to 10%
survived 3 months.

In contrast to fetal midbrain cultures where DA neurons usu-
ally comprise 1% or less of the neurons, about 24% of the neu-
rons in our routine postnatal VTA cultures were TH-positive
(TH*) DA neurons. Microdissection within the boundaries of
the VTA yielded cultures where up to 50% of the neurons were
dopaminergic (cf. Masuko et al., 1986, 1989). Since TH+* neu-
rons were larger than TH-negative (TH-) neurons (Fig. 14), we
also used sizing gradients to enrich cultures for DA neurons;
these techniques could be combined to yield up to 75% DA
neurons (Fig. 1B), although cell numbers were low. Separately,
microdissection and gradient purification yielded cultures with
similar percentages of DA neurons, so results from these two
methods were combined.

Postnatal VTA DA cells in general

Cellular morphology. TH+ cells in enriched cultures elaborated
extensive arrays of TH+ neurites (Fig. 24), which could be ten-
tatively classified either as dendritic or axonal. Several thicker
dendrite-like processes emerged from the cell body; they tended
to vary in diameter along their length and terminated within
about 200 um of the cell body. In contrast, a single thin, axon-
like process emerged from the cell body or from a proximal
dendrite-like process and maintained a uniform diameter for
hundreds of microns before it branched and exhibited varicos-
ities. These varicosities, unlike the expansions of dendrite-like
processes, were often associated with the cell bodies and prox-
imal processes of non-DA cells (Fig. 24, B), resembling nest-like
synaptic arrangements observed in the intact VTA (cf. Oades
and Halliday, 1987). Comparing TH+* cells in a given culture
invariably showed a significant gradation in the intensity of TH
immunostaining from darkly stained to lightly stained neurons,
consistent with the two levels of TH staining observed in the
intact brain (cf. Bayer and Pickel, 1990).

Ultrastructure of DA neurons. We used 5-hydroxydopamine,
which is specifically accumulated in catecholaminergic vesicles
and produces an electron-dense reaction product, to identify
DA neurons (cf. Arluison et al., 1978). In the cell body, axon,
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Figure 2. Putative DA synapses in VTA cultures. 4, DA neurons (TH+) elaborate several dendrite-like processes and a single axon-like process
(arrows), in a culture 24 DIV. Other cell bodies (TH-) invariably appear raised above the glial layer and are reliably classified by visual criteria as
neurons (as confirmed electrophysiologically). The axon-like process gives rise to several branches that are studded with varicosities over a TH-
neuron, which they invest in a nest-like contact. B, In a culture 21 DIV, another nest-like contact is seen between TH* axon-like processes from
a distant cell (out of the frame) with a TH— neuron. These frequently seen interactions suggest that TH* cells make synaptic contacts with other

YTA neurons.

and axon terminals, we observed two populations of electron-
dense vesicles, circular vesicles about 40-50 nm in diameter
and moderately pleomorphic vesicles about 100 nm in diameter.
Control preparations never showed small, electron-dense ves-
icles, nor did the staining of larger dense-core vesicles approach
the intensity of staining in the 5-hydroxydopamine-treated cul-
tures. The fraction of cells labeled roughly matched the fraction
of DA cells in sister cultures. Many of the 5-hydroxydopamine—
labeled cells showed a characteristic profile: they were oval with
radially oriented processes and an eccentrically placed nucleus
with a prominent nucleolus (see below).

The cell bodies of DA neurons were identified by stained
vesicles clustered near the soma perimeter (shown in Fig. 1 of
Sulzer and Rayport, 1990). Proximal dendrites emerging from
labeled cells showed numerous polyribosomes, but did not con-
tain stained vesicles. In addition to a robust compliment of
polyribosomes, cell bodies showed a prominent Golgi appara-
tus, infrequent lamellar bodies, and microtubule arrangements
suggestive of cilia (not shown), as has been seen in TH-stained
DA cells in the intact VTA (Domesick et al., 1983; Bayer and
Pickel, 1990). Labeled axonal processes, marked by microtu-
bules, were often found in close proximity, forming fascicles
(Fig. 34). Axonal processes gave rise to varicosities containing
numerous mitochondria and clusters of vesicles (Fig. 3B). These
clusters often apposed dendritic processes, marked by the pres-
ence of polyribosomes. Clusters of vesicles at synaptic special-
izations were occasionally seen (Fig. 3C). These ultrastructural
observations confirm that postnatal DA neurons elaborate den-
drites and axons. Furthermore, they synapse with other cells in
culture, as suggested by our light microscopic observations.

Identification of DA cells in enriched cultures. TH+ cells in
enriched cultures had four shapes, as did the subset of mesoac-
cumbens cells (see below). However, even when examining only
the largest cells (see above) or those with the most common
oval eccentric-nucleus shape (see below), we could not distin-
guish DA cells on electrophysiological grounds. This might be

either due to a previously unappreciated heterogeneity in the
electrophysiological properties of VTA DA neurons, or because
the properties of non-DA neurons in the cultures are not so
different. Thus, microdissection or gradient purification pro-
vided a readily achieved enrichment in DA neurons, but not
one sufficient to identify DA neurons without histochemical
processing.

Mesoaccumbens DA cells

To increase our ability to identify living DA neurons and to
focus on a single mesolimbic projection, we injected red or green
fluorescent latex microspheres (Katz et al., 1984; cf. Huettner
and Baughman, 1986, 1988) into the ventral NA of P1 rat pups.
Retrograde labeling became apparent in the midbrain by P3 and
reached maximum levels by P4, On P5-P7, we prepared routine
VTA cultures. We made routine—as opposed to enriched—
VTA cultures with the aim of comparing the properties of mi-
crosphere-labeled neurons to other neurons in the same dishes,
which we refer to as VTA neurons. We confirmed the accuracy
of all injections in coronal sections through the NA at the time
of culturing (Fig. 44); invariably, NA injections were associated
with retrograde labeling in the VTA, seen immediately superior
to the midbrain flexure (Fig. 4B). Less intense labeling was
apparent in the substantia nigra and the region of the rostral
and central linear nuclei. After dissociation, labeled cells could
be easily identified under epifluorescence (Fig. 4C).

It should be noted that because of the limited spread of mi-
crospheres at the injection site, only a fraction of mesoaccum-
bens cells were labeled. We estimate that in each VTA culture
dish containing 20,000 neurons, about 24% were dopaminergic.
Considering the 50% of DA cells ipsilateral to the injection site,
and given that one-third of DA VTA cells project to the accum-
bens (Swanson, 1982), about 800 cells per dish should be meso-
accumbens DA cells. Since we found about 25 microsphere-
labeled cells in a dish, retrograde labeling from the NA identified
about 3% of ipsilateral, DA mesoaccumbens cells. Considerably
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Figure 4. Identification of mesoaccumbens cells. 4, The NA of rat pups was stereotaxically injected with about 0.1 ul of fluorescent latex
microspheres on P1. On P35, a coronal section (lateral is to the left, dorsal to the top) through the NA shows the delimited injection of microspheres
principally in the ventral NA, medial to the anterior commissure (ac). B,, A sagittal cut 1.5 mm lateral to the midline and tangential to the VTA,
examined with epifluorescence, shows microsphere-labeled cells in the VTA. Labeled mesoaccumbens cells form a distinctive cluster above the
midbrain flexure (Pn, pons; MB, mammillary body). Scale is as in 4. B,, At higher magnification of the VTA, punctate cellular labeling is apparent
and proximal processes can be discerned. C,, After cell dissociation, process-bearing cells are isolated (modulation-contrast optics). C,, The same
field under epifluorescence shows one microsphere-labeled, mesoaccumbens cell (arrows in C, and C,). Microsphere-labeled cells are 86% dopa-
minergic.

more cells were retrogradely labeled with fluorogold or dil (pre-  the results presented are derived from over 200 animals with

pared in soluble form); however, the DA fraction dropped to
about 50%, similar to the DA fraction in instances where mi-
crospheres spread outside the NA. Although only a minority of
mesoaccumbens cells were labeled in any one animal, the VT As
from several animals were pooled in each set of cultures, and

injections covering the entire ventral NA,

As previously reported (cf. Fig. 15 of Hokfelt et al., 1980;
Swanson, 1982), we found that most retrogradely labeled cells
in frozen sections through the VTA were TH* (not shown). In
VTA cultures, 86% of retrogradely labeled cells were TH* (n =

—

Figure 3. Ultrastructure of DA cells identified by 5-hydroxydopamine staining. The cell bodies of stained cells often have an eccentric nucleus
and dense polyribosomes; vesicles are characteristically located along the cell perimeter, beneath the plasmalemma (shown in Fig. 1 of Sulzer and
Rayport, 1990). The axons, but not the dendrites, of DA cells show electron-dense vesicle staining. 4, DA cell axons fasciculate. Here, three DA
axons, identified by electron-dense vesicles (small arrows), run together. Three unlabeled axons are also present. B, An axonal process expands into
a varicosity marked by many electron-dense vesicles and mitochondria (m). C, Within the neuropil of the culture, two synaptic appositions are
shown (large, open arrows). The synapse made by the labeled process (upper left) is asymmetric with a postsynaptic specialization; the non-DA
synapse (bottom right) is symmetric with pleomorphic vesicles. Two sizes of labeled synaptic vesicles are seen: small vesicles about 40 nm in
diameter (identified in 4 by small arrows) and large vesicles about 100 nm in diameter (C, solid, curved arrows).
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Figure 5. DA staining of mesoaccumbens cells: aldehyde-induced histofluorescence in a culture 10 DIV. 4, Rhodamine epifluorescence shows a
single red microsphere-labeled, mesoaccumbens cell. B, Fluorescein epifluorescence of the same cell shows green, glyoxylic acid-induced DA
fluorescence. Several major dendrites with numerous dendritic branches are revealed; these are studded with varicosities (arrows). Axons do not

show histofluorescence.

300). This percentage was constant in cultures fixed at 2 hr to
2 weeks in vitro, suggesting that there was no differential survival
of DA and non-DA cells (cf. Yamamoto et al., 1981). Micros-
phere labeling was most intense during the first week in culture,
when microspheres were seen in both the cell body and proximal
processes (Fig. 54); in older cultures, microsphere labeling grew
fainter and was confined to the cell body region. There was no
deleterious effect of microsphere labeling (cf. Divac and Mo-
genson, 1990) nor evidence of photodynamic damage with ex-

tended fluorescence excitation. We further confirmed the trans-
mitter status of microsphere-labeled cells by aldehyde-induced
histofluorescence, which showed that most mesoaccumbens
neurons were dopaminergic. Similar to the subcellular distri-
bution of TH in DA cells, aldehyde-induced histofluorescence
was seen in cell bodies and in dendrite-like processes, which
were studded with varicosities (Fig. 5B, arrows). However, in
contrast to the TH subcellular distribution, axon-like processes
were not seen.

Figure 6. Shapes of mesoaccumbens DA cells. After 7 DIV, mesoaccumbens cells were immunostained for TH. Mesoaccumbens DA cells show
four distinctive shapes, in decreasing frequency: large, elliptical, with eccentric nucleus (4); medium sized, fusiform (B); medium sized, pyramidal
(C); or medium to small sized, spherical (D). Two levels of TH staining are seen: compare the lighter-staining pyramidal cell (C) with the other

cells. There is no relationship between level of staining and cell shape.



Figure 7. Lucifer yellow fill of an eccentric nucleus mesoaccumbens cell. After 16 DIV, a microsphere-labeled mesoaccumbens cell is filled with
Lucifer yellow (0.5%) from a patch pipette. 4, The cell body gives rise to six major dendrite-like processes, and one axon-like process (arrow ¢,
marks the initial segment and is shown at higher magnification in C,). The axon-like process bifurcates below the cell body into one branch
terminating in a growth cone (b, shown at higher magnification in B) and another that extends (curved arrow) beyond the right side of the plate (its
final extent is shown in C,). B, The axon branch with a growth cone (arrow; labeled b in A) is seen at higher magnification (scale same as in C).
C,, The initial segment of the axon-like process (solid, straight arrow; labeled ¢, in 4) and one proximal dendrite-like process (open, curved arrow)
emerge from the cell body. The axon-like process (solid, curved arrow) is smooth, thin, and of uniform diameter as compared with the dendrite-
like process, which is thicker and varied in diameter. C,, The other branch of the axonal bifurcation (labeled with curved arrow in A) gives rise to
a longer branch, running over 1000 pm, which ends in neurites studded with varicosities (arrows).
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Figure 8. Intrinsic electrical activity in mesoaccumbens cells. 4, Spon-
taneous activity. About 11% of mesoaccumbens cells were spontane-
ously active. In this cell (22 DIV), slow depolarizations precede single
spike firing. Each spike ends in a long hyperpolarizing afterpotential,
followed by brief period at rest, and another slow depolarization, which
triggers the subsequent spike. Cells never showed burst firing. B, Induced
rhythmic activity. In a silent mesoaccumbens cell (7 DIV), two sweeps
with differing levels of current injection are superimposed. Low levels
of depolarizing current injection elicit slow depolarizations; slightly greater
depolarizing current injection leads to pacemaker activity with spikes
apparently triggered by the slow depolarizations. There is no relation-
ship between time in culture and spontaneous activity.

TH staining. TH* mesoaccumbens cells showed four char-
acteristic soma shapes (Fig. 6). In order of incidence, cells were
large, oval with a characteristically placed eccentric nucleus and
multipolar (Fig. 64), smaller and fusiform (Fig. 6B), pyramidal
(Fig. 6C), or medium to small and spherical (Fig. 6D). None of
these shapes was sufficiently distinctive to identify the neurons
as dopaminergic, nor were they associated with particular elec-
trophysiological properties. A similar range in cell shapes was
seen in cultures processed for aldehyde-induced histofluoresc-
ence (not shown). These observations suggest that the range in
morphologies of mesoaccumbens DA neurons is similar to that
of the larger set of VTA DA neurons.

Cotransmitter status. Mesoaccumbens cells were 55% CCK
positive (CCK+), whereas VTA neurons (cells that were not
microsphere labeled in the same dishes) were 5% CCK~. This
gives a CCK+:TH* cell ratio of 0.63 for mesoaccumbens cells,
as compared to 0.20 for VTA cells (summarized in Fig. 13,
below), demonstrating that CCK was mainly colocalized with
DA in cultured mesoaccumbens cells. The oval, eccentric nu-
cleus profile was most prevalent among CCK+ mesoaccumbens
cells. NT immunoreactivity was excluded from mesoaccumbens
cells, although it was present in 4% of VTA cells.

Axodendritic differentiation. We filled single mesoaccumbens
cells with Lucifer yellow to examine their processes. Invariably,
one axon-like process and several dendrite-like processes arose
from the cell soma (Fig. 74). Dendrites were confined to the
immediate vicinity of the cell body, extending over 200 um,
while axons often extended over 1000 um, sometimes ending
in growth cones (Fig. 7B). Both dendrites and axons showed
varicose expansions, which were present over the full length of
the dendrites (Fig. 7C,), but only distally on axons (Fig. 7C,).
This pattern resembled that seen with aldehyde-induced his-
tofluorescence (Fig. 5B) and TH staining (Figs. 24, 6). Consid-
ered together with the ultrastructural observations, these results
confirm that postnatal mesoaccumbens cells manifest an axo-
dendritic differentiation in vitro.

Electrophysiology of mesoaccumbens cells

We recorded from 44 microsphere-labeled mesoaccumbens cells
(in 21 cultures) and 24 unlabeled VTA cells (in 13 cultures), 2-
22 DIV. About 11% of mesoaccumbens cells were spontane-
ously active (Fig. 84). This low level of spontaneous activity
was not due to our recording technique since in several cells
subsequently found to be silent, no spontaneous activity was
recorded extracellularly (in cell-attached mode) prior to rup-
turing into whole-cell mode; furthermore, recordings at 37°C
showed no greater incidence of spontaneous activity (cf. Grace
and Onn, 1989). However, low-frequency firing could be elicited
in most mesoaccumbens cells with a modest tonic depolarizing
current injection, which resembled the firing of the occasional
spontaneously active cell (Fig. 8 B). As in more intact prepara-
tions, cells fired slowly with slow depolarizations preceding full-
size spikes followed by prominent hyperpolarizing afterpoten-
tials. After these decayed, cells transiently reached the resting
level before a slow depolarization triggered another spike. When
active or activated by depolarization, cells fired in a regular,
single spike or pacemaker mode, but never in bursts.

Passive properties. The mean resting potential measured im-
mediately on achieving whole-cell mode was —56 + 1.0 mV,
matching results in slice (cf. Grace and Onn, 1989; Mereu et
al., 1991). For all subsequent measurements, we adjusted the
membrane potential to —55 mV with a small tonic current
injection to assess membrane properties from the same resting
level. Measured from small hyperpolarizing steps (from —55
mV), cell input resistance decreased moderately with time in
culture; the least-squares line in a plot of input resistance versus
DIV dropped from 1027 to 655 M%Q; on average, the input
resistance measured 900 = 120 MQ (n = 14). Similarly, the time
constant dropped from 43.4 to 33.2 msec; on average, it mea-
sured 40 + 5 msec (in the same 14 cells), giving a cell capacitance
of 44 pF. The passive properties of unlabeled cells were not
significantly different.

Active properties. The incidence of cell properties is sum-
marized in Figure 13, below. Mann—Whitney U tests showed
that cells expressing each given active property (spontaneous
activity, accommodation, anomalous rectification, latency, LTS,
and DA response) did not differ significantly in their distribution
of times in culture from cells not expressing the property (p >
0.15). This demonstrated strikingly that the expression of active
properties did not change with time in culture.

To examine individual spikes, microsphere-labeled mesoac-
cumbens cells were stimulated from rest with short, just-thresh-
old depolarizing current steps (Fig. 9). Peak spike amplitudes
measured 98 + 1.6 mV (n = 44), giving an overshoot of 43



mV. Action potential width, measured from the peak to 1/e of
peak amplitude, was 1.3 + 0.1 msec (n = 44), matching DA
spike widths in vivo or in slice (our measurements of spike width
using this technique from published data in Grace and Bunney,
1983a; Lacey et al., 1989; Grace, 1990; Yungetal., 1991). About
20% of mesoaccumbens cells had particularly broad spikes
(widths greater than 1.5 msec) with distinct shoulders, as evi-
denced by a double inflection in the time derivative of the falling
phase of the spike (Fig. 9). In intact preparations, DA cell spike
widths are broader than those of adjacent cells; in culture, how-
ever, VTA cells spike widths were 1.4 = 0.1 msec (n = 24),
making their spikes as broad as those of mesoaccumbens cells.
Based on spike width, there was no evidence for two cell pop-
ulations, as we did not find a bimodal distribution of either
mesoaccumbens or VTA cell spike widths. To examine this
further, we classified spikes as broad by making the assumption
that only DA cells had broad spikes. In the distribution of me-
soaccumbens cell spike widths, 86% were broader than 0.8 msec;
by this criterion, 100% of VTA cell spikes were broad (had
widths greater than 0.8 msec). Broad spikes of VTA cells might
result from the inclusion in the preparation of nearby but not
immediately adjacent cells with broad spikes. Slightly narrower
spikes of mesoaccumbens cells may reflect the contribution of
non-DA mesoaccumbens cells with narrow spikes (Thierry et
al., 1980).

Most mesoaccumbens cells showed hyperpolarizing spike af-
terpotentials (37 of 44), averaging —4.7 = 0.7 mV in amplitude
and 78.5 = 7.5 msec in duration (measured from the peak of
the spike to the return to baseline). Several cells (5 of 44) showed
additional afterpotentials that were likely recurrent postsynaptic
potentials (PSPs) (not shown). While long-duration, hyperpo-
larizing afterpotentials were found in the same proportion of
mesoaccumbens cells as were dopaminergic, they were also com-
monly found in VTA cells (15 of 24). Negative afterpotentials
were slightly larger and found more often in mesoaccumbens
cells, but they were not distinctive enough to identify those cells
as dopaminergic.

In most mesoaccumbens cells (15 of 26 cells where examined),
a train of 5-10 spikes of diminishing amplitude and increasing
width was elicited with strong, maintained depolarizations (Fig.
104,). Rapid accommodation was seen more commonly in me-
soaccumbens than unlabeled VTA cells, which continued to fire
regularly for the duration of the depolarization (not shown).
Following accommodation, slow undulations of the membrane
potential at about the frequency of the preceding spike firing
were seen. However, when cells were hyperpolarized by 20 mV
and then step depolarized to just above threshold, they gave a
distinctive response (Fig. 104,). Mesoaccumbens neurons did
not fire immediately, but showed an initial small-amplitude
depolarization (26 of 30), followed about 100 msec later by
firing. This latency between the small-amplitude depolarization
and the initiation of firing (19 of 26 cells) may be due to the
transient activation of I, when its steady-state inactivation is
removed by the preceding hyperpolarization (cf. Grace, 1990;
Yung et al., 1991). As was also seen with depolarization from
rest, spikes diminished in amplitude, increased in width, and
often accommodated after 5-10 spikes.

Often the low-amplitude depolarization could be elicited in
an all-or-none fashion with just-threshold depolarizations, sug-
gesting that it was an LTS. It persisted in the presence of TTX
(not shown), but was blocked when Ca?* influx was transiently
blocked by local perfusion with Ca?*-free saline containing Cd?+
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Figure 9. Mesoaccumbens spike shape. A spike is evoked with a brief
depolarizing pulse in a mesoaccumbens cell (7 DIV). In this cell, which
had a particularly broad action potential, the falling phase shows the
shoulder characteristic of these cells in intact preparations. This is fur-
ther revealed by taking the time derivative (by digital subtraction of
adjacent points) of the voltage trace (bottom trace).

(Fig. 10B). Mesoaccumbens cells also showed high-threshold
Ca?+ spikes (HTSs) when tested. After TTX had blocked full-
size Na+ spikes (Fig. 10C)), increased depolarizing current in-
jection elicited a graded, slower regenerative event, which was
blocked by Cd>* (Fig. 10C,). Most mesoaccumbens cells showed
both the LTS and the HTS. The LTS could be reliably elicited
when cells were fired from 20 mV hyperpolarized in 87% of
retrogradely labeled cells as compared to 33% in VTA cells.
Thus, its incidence closely reflected the percentage of DA cells
in the classes of cells considered. Unlike the HTS, the LTS could
be elicited without pharmacological manipulation (by hyper-
polarization).

Response to hyperpolarization. With hyperpolarizing steps,
most (12 of 14) mesoaccumbens cells showed a characteristic
sag in the voltage response (Fig. 114). An I/V plot of the peak
response and the final plateau showed a time- and voltage-
dependent rectification (Fig. 11B). However, since just over half
of VTA cells (10 of 17) also showed anomalous rectification, it
could not be used to identify the DA cells.

Autoreceptor response. With perforated-patch recording, we
found that most mesoaccumbens cells responded to DA (10
uM) or the selective D, agonist quinpirole (0.5 uM) with a slow
hyperpolarizing response (4 of 5 cells, ranging from 1 to 14 DIV;
Fig 124), while only a fraction of VTA neurons responded (3
of 14, 1-16 DIV). A single application was sufficient to induce
desensitization persisting for over a minute (not shown). The
D, antagonist sulpiride (2 xM) completely and reversibly blocked
the quinpirole-induced hyperpolarization. Quinpirole elicited
an increased conductance response (Fig. 12B). These results
suggest that DA autoreceptors may identify mesolimbic DA cells
since DA responses were found in almost exactly the fraction
of mesoaccumbens and VTA cells that were dopaminergic. Fig-
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Figure 10. Cell response to depolarizing steps and Ca?* spikes. 4,, From rest (—55 mV), strong depolarizations evoke repetitive firing of spikes
with prominent afterpotentials (cell is 6 DIV); spikes progressively broaden before showing depolarization inactivation. The remaining membrane
potential undulations are probably rhythmic slow depolarizations. A,, In the same cell, a stronger depolarization from —75 mV, shows a leading
LTS and a pause before firing. Most likely, this pause results from activation of I,, which raises the threshold for Na+ spikes, and then rapidly
inactivates. This pattern constitutes an electrophysiological signature that correlates with DA status. B, LTS. The LTS is more reliably evoked from
—75 mV with a depolarizing step (cell is 9 DIV). During a brief cadmium puff (Cd?+, 4 mM), the LTS is blocked. Since input resistance increases
in Cd?+, the depolarizing current is reduced. C, HTS. The HTS is shown in another cell (4 DIV) with a less prominent LTS. C,, Two depolarizing
steps from —55 mV are superimposed before and after TTX (2 ug/ml), which blocks the Na+* spike. C,, Still in TTX, increased depolarization
elicits an HTS. This is blocked by Cd?*, which also slightly hyperpolarizes the cell.

ure 12 also shows spontaneous PSPs usually seen in mesoac-
cumbens and VTA cells in denser regions of the cultures.

Identification of mesoaccumbens DA cells

To address which electrophysiological properties were most rep-
resentative of DA cells, we compared their incidence to the
fraction of mesoaccumbens and VTA cells that were TH+ (Fig.
13). Broad spikes, hyperpolarizing afterpotentials, anomalous
rectification, the LTS, and DA responses were present in about
the same fraction of mesoaccumbens cells as were dopaminergic.
However, broad spikes, negative afterpotentials, and anomalous
rectification were present in too high of a fraction of VTA cells
for these properties to be unique to DA cells. Latency to fire
from hyperpolarized levels, the LTS, and DA responses were
expressed in fractions of mesoaccumbens and VTA cells close
to the incidence of DA cells. A x? analysis showed that the
incidence of these three properties did not differ significantly
from the incidence of DA cells in the two populations. Together,
the LTS, latency to fire, and accommodation (observed with
step depolarizations from 20 mV hyperpolarized) constitute an
electrophysiological signature (compare Fig. 104,) of DA status
and the D, autoreceptor response constitutes a pharmacological
signature.

Discussion

Postnatal DA cell culture

DA neurons from the VTA of week-old rats are mature by
several indices (Tennyson et al., 1973; Altman and Bayer, 1981;

Voorn et al., 1988; Miura et al., 1990). To achieve successful
long-term cultures of these neurons, we found it essential to
minimize disruption of neurites during culture preparation (cf.
Huettner and Baughman, 1986, 1988), allow neurons physical
contact with glia, and employ a modified serum-free medium
(cf. di Porzio et al., 1980). A refined dissection of the postnatal
VTA produces remarkable increases in the percentages of DA
cells (cf. Masuko et al., 1986, 1989). Since the sizes of postnatal
neurons are more dimorphic than fetal neurons, gradient sep-
arations may be used to purify DA cells (cf. Hatten, 1985). With
either of these approaches, we obtain VTA cultures where 50%
of the neurons are dopaminergic. As the percentages of DA
neurons increase, however, DA toxicity becomes potentially
problematic; indeed, we find DA levels over 10 nM in the me-
dium of established cultures (D. Sulzer and S. Rayport, unpub-
lished HPLC determinations), which is consistent with im-
published HPLC determinations), which is consistent with im-
provement in neuronal survival with the addition of free rad-
ical-dissipating enzymes to the medium (cf. Rosenberg, 1988).
Importantly, culturing viable postnatal DA neurons facilitates
retrograde labeling of a functional subset of cells that are largely
dopaminergic. In this way, we are able to ask to what degree
the properties of the principal subset of mesolimbic DA neurons,
those projecting to the NA, are independent of afferent input
and interactions with their targets. Subsequent to our original
report (Rayport et al., 1988), several groups have successfully
cultured postnatal DA neurons (Lopez-Lozano et al., 1989; Ma-
suko et al., 1989; Cardozo, 1990; Shen et al., 1990; Hama et
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Figure 11. Anomalous rectification. 4, Current steps from rest (in a
cell 12 DIV) reveal a sag in the hyperpolarizing responses with time,
increasing with greater hyperpolarization. In other cells, the rebound
depolarization triggered spikes (not shown). B, Plot of current versus
voltage for the peak (solid circles) and end of the plateaus (open circles).
The peak (initial) voltage response shows a relatively constant conduc-
tance (broken line), with a small voltage-dependent rectification with
the largest hyperpolarizations. Time-dependent rectification is far more
pronounced, becoming apparent at about —70 mV and increasing with
larger hyperpolarizations.

al., 1991) and have used fluorescent latex microspheres for their
identification (Lopez-Lozano et al., 1989; Shen etal., 1990; Silva
et al., 1990).

Morphology of cultured VTA DA neurons

Postnatal DA neurons appear to maintain their morphological
characteristics in vitro. Like their in vivo counterparts (Domesick
et al., 1983; Grace and Onn, 1989) and cultured fetal DA neu-
rons (Berger et al., 1982), they show a range of soma shapes
ranging from multipolar to fusiform. That this similarity in
shapes is seen in DA cells under very different conditions sug-
gests that soma shape is determined early in development and
intrinsic to the cells. Process outgrowth of fetal DA neurons is
comparatively more plastic; differential outgrowth of axons and
dendrites depends on whether the cells are grown on homotypic
or heterotypic glia (Denis-Donini et al., 1984; Autillo-Touati et
al., 1988). Olfactory bulb DA neurons isolated from somewhat
more developed perinatal animals, however, show the same
stellate process outgrowth regardless of the origin of glial sub-
strate, which could reflect differences between projection neu-
rons and interneurons (Denis-Donini and Estenoz, 1988). Al-
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Figure 12. DA autoreceptor response. 4, Using perforated-patch re-
cording, the D,-selective agonist quinpirole (0.5 uM) evokes a slow
hyperpolarization in a mesoaccumbens cell (2 DIV). The response de-
sensitizes if quinpirole is applied more often than once a minute (time
for each trace is indicated at the left margin). Prior application of sul-
piride (2 uM) completely blocks the quinpirole response. The frequent,
rapid upward deflections on the voltage traces are spontaneous PSPs.
Autoreceptor responses of lesser magnitude and reliability are seen with
whole-cell recording (not shown). B, In the same cell, injection of con-
stant current pulses shows a conductance increase during the quinpirole
response.

ternatively, the pattern of process outgrowth might be determined
prior to dissociation. Indeed, postnatal DA neurons grown on
target area glia (cortical glia), as well as striatal/NA glia (Rayport,
Sulzer, and Rajendran, unpublished observations), which should
favor axonal growth, show robust dendritic as well as axonal
growth. Moreover, postnatal DA neuron process outgrowth is
not remarkably different in cultures grown on mesencephalic
glia (Rayport, Sulzer, and Rajendran, unpublished observa-
tions). Ultrastructurally, cultured DA cells closely resemble their
counterparts in the adult brain. Unlike cells from mid-gesta-
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Figure 13. Relationship between TH status and cotransmitter, spike, and membrane properties. Data from mesoaccumbens cells are shown as
shaded bars, and from other cells in the culture (VTA cells) as open bars (numbers above the bars are the fraction of cells expressing a given property).
By comparing the incidence of a given property with the incidence of TH staining (two horizontal, broken lines), the more reliable indicators of
DA status can be assessed. A x? analysis was done to assess whether the incidence of cell properties differed from the incidence of TH status in
the two cell groups; x2 values marked with an asterisk differed at the p < 0.05 level. CCK appears to colocalize with DA in about half of mesoaccumbens
cells. NT is not found in mesoaccumbens neurons (although it is present in a minority of VT A neurons). Neither broad spikes (Broad; see Results
for criterion) nor negative afterpotentials (4fterpot.) are distinctive for DA cells. Of the membrane properties, the LTS together with latency, and
to a lesser degree, accommodation of firing to sustained depolarization (dccommod.), constitute an electrophysiological signature of DA status.
Accommodation and latency do not appear to be expressed by all DA cells. Anomalous rectification (4nom. Rect.) is found in the fraction of
mesoaccumbens cells that are dopaminergic, but also frequently in VTA cells, and so is not distinctive for DA cells. The autoreceptor response
(DA Response) correlates well with TH™ status in mesoaccumbens and VTA cells, suggesting that it is a pharmacological signature of DA neurons.
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tional fetuses, which do not express TH or DA during the first
few days in culture (Berger et al., 1982), postnatal DA cells show
robust TH staining and aldehyde-induced histofluorescence from
the time of plating on.

Postnatal DA neurons in culture exhibit two levels of TH
expression, as is the case for VTA DA neurons in the adult
brain, where darker-staining TH* cells receive more synaptic
contacts than lighter-staining TH+ cells (Bayer and Pickel, 1990),
with lighter-staining cells receiving proportionally more GA-
BAergic contacts (Bayer and Pickel, 1991). Presumably, TH
expression is under synaptic control. However, we see the two
levels of TH staining in the absence of afferent inputs, in low-
density cultures where recordings show no synapti¢ input, and
in low-density pure neuronal cultures grown for several days on
glass where all processes can be visualized and cell—ell contacts
ruled out (Rayport, unpublished observations). Although there
are GABAergic neurons in the VTA (Bayer and Pickel, 1991)
and in postnatal VTA cultures (Masuko et al., 1989), the low-
density cultures show that DA cells maintain different levels of
TH expression in the absence of synaptic input. How can we
reconcile these findings with those in the intact VTA? Possibly,
TH expression is not regulated by afferent input alone but can
be determined during prenatal development, as we observe dif-
ferential TH staining in low-density cultures prepared from Pl
pups (Rayport, unpublished observations). Alternately, levels
of TH staining might identify subclasses of DA cells involved
in different neural circuits destined to receive different inner-
vations in the mature VTA.

We expected that because of their relative maturity, postnatal
VTA neurons would show a distribution of transmitters match-
ing that in the intact brain. Indeed, 86% of cultured mesoac-
cumbens cells are dopaminergic, as compared to 85% in the

intact animal (Swanson, 1982). CCK is present in 56% of me-
soaccumbens cells, indicating that it colocalizes with DA in 48%
of cells (86% of 56%), matching the fraction in the intact animal
(Seroogy et al., 1989). NT is not present in our identified me-
soaccumbens cells. However, this may also reflect the situation
in the intact brain since NT colocalizes with DA in mesocortical
DA neurons (Studler et al., 1988; Febvret et al., 1991), meso-
limbic DA neurons projecting to the dorsomedial NA (Kalivas
and Miller, 1984; Seroogy et al., 1987), and the central amyg-
daloid nucleus (Seroogy et al., 1987), whereas we labeled DA
neurons projecting to the ventral NA.

Taken together, these several morphological observations in-
dicate that cultured postnatal VTA DA cells closely resemble
their in vivo counterparts. Most of their morphological prop-
erties are expressed in the absence of afferent inputs and inde-
pendent of continued interactions with target cells, suggesting
that they are determined intrinsically. Like their in vivo coun-
terparts, cultured VTA DA cells exhibit a significant morpho-
logical heterogeneity. Strikingly, almost the same heterogeneity
is seen within the subset of mesoaccumbens DA cells, including
the range in soma shapes, levels of TH expression, axodendritic
differentiation, and cotransmitter (CCK) expression. Such het-
erogeneity in a single mesolimbic projection might be consistent
with the possibility that DA neurons exert more than one syn-
aptic action in target areas (cf. Hattori et al., 1991).

Evidence for synaptic and nonsynaptic DA release

Cultured postnatal DA neurons further resemble their in vivo
counterparts in showing the morphological features associated
with the two recognized modes of DA release (Cheramy et al.,
1981). This is suggested by the presence of varicosities both on
dendrites, where they are distributed uniformly, and on axons,



where they are distributed distally, resembling the in vivo pat-
tern. Axonal varicosities often closely appose the soma and
processes of non-DA cells in culture, showing synaptic special-
izations at the electron microscopic level consistent with exo-
cytic release. In contrast, dendrites show no particular associ-
ation with other cells or processes and do not contain vesicles,
rather exhibiting strong aldehyde-induced DA histofluorescence
and TH staining, consistent with nonvesicular, neuromodula-
tory release.

Although promiscuous contacts may form in culture (cf.
Schacher et al., 1985), since TH* terminals have been found on
both TH+* and TH- dendrites in the intact VTA (Bayer and
Pickel, 1990), axodendritic synaptic contacts in culture may
reflect an accurate reestablishment of normal connections. Since
the only cells thought to express DA receptors in the VTA are
DA cells (which we confirm electrophysiologically), one may
ask what the functional import is of DA contacts on non-DA
neurons in the VTA. DA cells are thought to express D, receptors
(Le Moine and Bloch, 1991) and D, receptors (Bouthenet et al.,
1991) exclusively, while D, receptors appear to be on afferents
(Mansour et al., 1990) that are lacking in culture. Possibly syn-
apses on TH- cells are not actually dopaminergic and rather
utilize a cotransmitter (cf. Hattori et al., 1991). Alternatively,
a small number of TH- cells in the VTA, which have so far
gone undetected, may express DA receptors.

Electrophysiclogy of mesoaccumbens DA neurons

By correlating properties expressed by mesoaccumbens cells with
the 86% that are dopaminergic (see Fig. 13), we find that like
their in vivo counterparts, DA cells show broad spikes, large
hyperpolarizing spike afterpotentials, regular firing when depo-
larized, anomalous rectification, latency to fire when depolarized
from hyperpolarized levels, LTSs, HTSs, accommodation of
firing during sustained depolarization, and DA-mediated hy-
perpolarization. Thus, on most counts, postnatal DA cells in
culture resemble their in vivo counterparts. Some of these elec-
trophysiological properties are not useful for identification of
DA cells since they are also expressed by non-DA cells; these
include broad spikes, hyperpolarizing afterpotentials, and
anomalous rectification. Other properties that make up an elec-
trophysiological signature (the LTS, latency, and accommoda-
tion) or a pharmacological signature (DA responsiveness) are
strongly associated with DA status and thus likely identify DA
cells.

Like mature DA neurons, their postnatal counterparts show
robust DA autoreceptor responses just after plating (I DIV).
This is in contrast to fetal DA neurons that neither respond to
DA application (Silva et al., 1988) nor express DA receptors
(Daguet et al., 1980) early on in culture, doing so after about
14 DIV (Chiodo and Kapatos, 1987). Time-dependent anom-
alous rectification is also characteristic of postnatal DA neurons
in vitro, while it may be either absent (Silva et al., 1988) or
present (Chiodo and Kapatos, 1987) in fetal DA cultures. That
there is no significant change in the expression of active prop-
erties over time in culture from 2 to 22 DIV supports the notion
that the cells are relatively mature at the time of culture (al-
though they grow in size, accounting for the moderate change
in their passive properties).

The lack of spontaneous activity and burst firing, two char-
acteristic properties of adult midbrain DA neurons in vivo, can
be explained by the absence of afferent inputs. Burst firing is
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also lost in moving from brain to slice (cf. Grace and Onn,
1989), suggesting that it is controlled extrinsically (cf. Silva and
Bunney, 1988); consistent with this, cultured DA cells never
burst. Similarly, the reduced spontaneous activity in culture
could also be due to the lack of afferent input. This is supported
by the observation that modest tonic depolarization reliably
induces pacemaker, but never burst firing. In the more intact
preparations, spontaneous activity could arise from tonic ex-
citatory input or continuous depolarization by ambient gluta-
mate (cf. Mereu et al., 1991). Consistent with reduced synaptic
input or lower ambient glutamate in culture, input resistances
are twice those measured with whole-cell recording in the slice
(200-700 MQ; Mereu et al., 1991). Membrane time constants
are slightly higher than in the slice (30 msec; Kita et al., 1986;
Silva and Bunney, 1988), giving cultured cells a capacitance
about two-thirds that of cells in the slice (44 vs 75 pF). This
difference in capacitance (or membrane area) may be due to the
limitation in the growth of dendritic trees inherent in two-di-
mensional cultures. If dendritic conductances are diminished,
this might lead to reduced spontaneous activity. Although in
vivo spontaneous activity develops over the first few postnatal
weeks (Pitts et al., 1990), immaturity of postnatal cells seems a
less likely explanation for the observed lack of spontaneous
activity since recordings from slices taken from slightly older
animals show that DA neurons are spontaneously active (Mereu
etal., 1991). Thus, reduced spontaneous activity in culture may
be due to diminished depolarizing influences and smaller den-
dritic conductances.

Limited plasticity and heterogeneity of mesoaccumbens DA
neurons

From the fidelity with which cultured DA cells exhibit the char-
acteristic range of cell properties, one may argue that they show
a limited plasticity in culture. Differences in spontaneous activ-
ity and burst firing can be related to the absence of afferent
inputs. Apparently, mesoaccumbens DA cells exhibit a signif-
icant heterogeneity manifest in the range in cell shapes, levels
of TH staining, and fractional presence of CCK, as well as elec-
trophysiologically in the variability in latency to fire from hy-
perpolarized levels and accommodation of firing with sustained
depolarization.

Variable expression of certain electrophysiological properties
in cultured postnatal DA neurons may reflect a previously un-
appreciated in vivo electrophysiological heterogeneity. It seems
less likely that this occurs due to culturing per se, because we
find no difference in cell properties between cells grown in a
nonenriched serum-containing medium (Rayport et al., 1988)
and those raised in serum-free media, or cells examined shortly
after plating compared to ones in culture for several weeks; nor
did the presence of hetero- or homotypic glia affect properties
(Rayport, Sulzer, and Rajendran, unpublished observations).
Although there could be a developmental contribution to the
observed heterogeneity, with retrograde labeling, where iden-
tification depends on an already established projection to the
target region, a selection bias would favor more mature cells.
Therefore, heterogeneity appears to be intrinsic to these cells
and may be expected to impact on their function (cf. Sesack and
Bunney, 1987).

In addition to the heterogeneity in DA action now associated
with the identification of the several new DA receptor subtypes
(Sibley and Monsma, 1992), heterogeneity at the presynaptic
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level may contribute to the controversy over the functions of
central DA systems (cf. Rogawski, 1987; Sesack and Bunney,
1987). In the current refinement of the DA hypothesis (cf. Wein-
berger, 1987; Grace, 1991a), psychotic symptoms result from
overactivity in mesolimbic (principally mesoaccumbens) con-
nections. Heterogeneity in cell properties suggests that aberrant
activity might arise in a subset of DA neurons. The ability to
culture postnatal neurons that largely resemble their in vivo
counterparts makes possible the examination of the impact of
heterogeneity on DA system function at the level of single syn-
apses.
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