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Expression of Membrane Currents in Rat Diencephalic Neurons in Serum-Free Culture*
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The whole-cell gigaseal voltage clamp technique has been used to investigate the timing of expression and type of voltage-depen-
dent ionic currents in dissociated primary cultures of fetal rat (E17) diencephalic neurons grown in a serum-free defined medium. The
expression of membrane currents varied among cells at any particular time in culture. Despite this variability, certain characteristics of
the appearance of ionic currents emerge from this study. These are: (i) the earliest appearing membrane current is a voltage-depen-
dent outward current carried by K*. In some cells, it is the classical delayed rectifier current, whereas in others it is the transient out-
ward current (1,). (ii) The earliest appearing inward current is carried by Na*. In some cells the channels are first expressed in the neu-
rites and then in or near the cell body. The early neuritic Na* channels are blocked by cobalt or cadmium as well as by tetrodotoxin
(TTX). In others, the early Na™ channels appear in or near the cell body and are only blocked by TTX. (iii) With additional time in cul-
ture, a majority of cells exhibit a Ca2* current at the time of Na* channel appearance in or near the cell body as well as a transient
Ca’*-dependent outward current. The Ca?* current is only a small fraction of the total inward current. These inward currents show the
classical pharmacologic profile. The complex pattern of expression of ionic current may reflect multiple populations of neurons with

different developmental sequences resulting from differences in cell age and lineage.

INTRODUCTION

An important component of the overall process of
neuronal cytodifferentiation is the expression of
membrane channels responsible for active ionic cur-
rents. Although previous studies on developing neu-
rons from various animal sources have not demon-
strated a consistent pattern of expression of these
ionic channels, a number of common features have
been described. These include the expression of out-
ward current before the appearance of the inward
current>® and a shift in the ionic mechanism of the
action potential from Ca®*-dependent to Na*-depen-
dent, seen in some but not all neurons?%:16:2%:34.37,
These modes of expression of inward membrane cur-
rent have been observed in both invertebrate and
vertebrate neurons. Differences in the sequence of
expression of ionic channels in neurites and soma
have been observed in neurons from vertebrate and
invertebrate species'®*2+37, As a result, it is still not

* A preliminary report has been presented (ref. 1).

clear whether the expression of ionic channels under-
lying the action potential undergoes a similar devel-
opmental change in all neurons. In particular, very
little information is available about the expression of
electrical excitability in developing neurons from
mammalian brain.

The ability to culture dissociated brain cells in fully
defined medium has stimulated new approaches to
the study of CNS development under controlled envi-
ronmental conditions'!?. In a variety of culture sys-
tems’'13 dissociated cells from brain and spinal cord
rapidly develop the complex morphology displayed
by neurons in vivo and express characteristic neu-
ronal properties that include evoked and sponta-
neous action potentials, synaptic potentials, neuro-
transmitter synthesis and neurotransmitter sensitivi-
ty. Primary cultures have proved to be particularly
useful for studying neurite development®?*, electri-
cal excitability?’?* and neurotransmitter expres-
sion?,
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In this paper we describe the characteristics of ex-
pression of voltage-dependent membrane ionic cur-
rents in dissociated rat diencephalic neurons cultured
in a serum-free defined medium. Due to their small
size and fragility, developing neurons are easily da-
maged by microelectrode impalement, limiting reli-
able recordings to a few seconds to minutes**. Conse-
quent.ly we have adapted the tight seal whole cell re-
cording technique'® to obtain stable recordings for 20
min or more.

MATERIALS AND METHODS

Brains were obtained from 17-day-old rat embryos
under sterile conditions. Following the removal of
meninges and blood vessels, the cerebrum was dis-
carded and the diencephalon was dissected free by a
transverse cut rostral to the tectum. Tissue pooled
from 8-10 fetuses was dissociated enzymatically and
cells were cultured in serum-free defined medium ac-
cording to the procedure described previously?, with
the following modifications: streptomycin, penicillin
A, fungizone and HEPES were omitted from the me-
dium and KCl was reduced from 25 to 5.4 mM. Cells
were grown in 24-well plastic dishes on 12-mm glass
coverslips (no. 1) precoated with poly-D-lysine.

At the time of plating, cells were completely disso-
ciated and evenly distributed throughout the culture
dish. Most (>95%) cells were spherical, 10-15 gm in
diameter and devoid of processes although a few cells
had rudimentary neurites. These began to develop
within 1 h after plating, and by 3 h a majority of the
cells had processes extending up to several times the
cell diameter. By 24 h in culture, about 85% of the
cells were rounded and exhibited neurites, the ma-
jority of which were long and highly branched at a
distance from the perikaryon. These were considered
to be neurons based on characteristic morphology®
and the ability to bind tetanus toxin?. The remaining
non-neuronal cells were identified as astroglia, oligo-
dendroglia or fibroblasts on the basis of morphology
and immunocytochemical staining?3’. These mor-
phological features of the rounded and flat cells were
retained throughout the culture period. Since unam-
biguous discrimination of neurons from astroglia was
difficult during electrophysiological experiments, re-
cordings were made from randomly selected rounded
cells with one or more long processes.

For electrophysiological recording, a coverslip
containing ca. 800 cellsymm? was removed from the
culture dish and placed in a plexiglass chamber on the
fixed stage of a Zeiss inverted microscope equipped
with phase-contrast optics. The chamber was contin-
uously superfused at 0.1 ml/min to a depth of ca. 2
mm with a solution containing 145 mM NaCl, 5.4 mM
KCl, 5.5 mM glucose, 2.5 mM CaCl,, 1.2 mM MgCl,
and 10 mM HEPES, pH 7.4 (control saline). The
chamber temperature was maintained at 37 °C by a
local heating circuit. All experimental solutions were
filtered with 0.2-um filters and cells were rinsed
3-5x with the filtered solution.

Patch pipettes were fabricated from WPI 150-6
capillary glass and filled with 140 mM potassium, 2
mM Mg(l, and 10 mM HEPES pH 7.2. In some ex-
periments 100 uM EGTA was added to the pipette
solution to reduce contaminant Ca®*. The pipette
was placed on the head-stage of a List L/M EPC-5 (1
G or 10 GQ feedback resistor) patch clamp unit and
was positioned with a Narashigi hydraulic drive mi-
cromanipulator. Pipettes with resistance values of
3-7 MQ in control saline were used. Following the
establishment of a gigaseal, suction pulses were ap-
plied to the pipette interior to establish the tight seal
whole-cell recording mode. Membrane currents at
later developmental stages (3 days on) were suffi-
ciently large to introduce series of resistance-based
artifacts in the current records'®. Because we were
also faced with additional space clamp problems due
to cell geometry, we did not regard electronic com-
pensation of series resistance worthwhile and instead
we tried to avoid extensive quantitative interpreta-
tion of the whole-cell current data. Data were re-
corded on a Vetter FM-tape recorder and photo-
graphed from an oscilloscope. The capacitive tran-
sients have been removed from the figures for the
purposes of clarity.

RESULTS

Electrophysiological properties of neurons were
examined after 1 h—-11 days in culture. The resting
membrane potential was measured from the pipette
potential under current clamp at zero pipette current
after establishing the tight-seal whole cell recording
mode'®. The cell resting potentials ranged between
-45 mV and -70 mV with no systematic change from



1 h—11 days in culture. Membrane currents, recorded
after applying brief depolarizing voltage steps, su-
perposed upon a holding potential set at—-40 mV, -60
mV or -80 mV. Recorded currents remained stable
over the duration of an experiment, typicaily about
10 min.

From 1 to 9 h in culture (n = 17) no cells were
found to have voltage-dependent currents other than
the leakage current. There was no change in the ob-
served currents when the holding potential was hy-
perpolarized to -80 mV or depolarized to —40 mV,
suggesting that the absence of any voltage-depen-
dent current was not due to the inactivation of chan-
nels. It is likely that the absence of voltage-depen-
dent currents in the early periods of culture is due to
neurons that have not yet expressed membrane cur-
rents or to non-neuronal cells which are difficult to
distinguish morphologically from neurons at early
times in culture.

By 10-54 h in culture (n = 63) all but 14% of cells
had developed voltage-dependent currents. In 24%
of cells examined at this time (designated Type I),
application of depolarizing voltage pulses activated
only voltage-dependent outward currents. A typical
series of membrane currents recorded from a 24-h-
old neuron is shown in Fig. 1A (i). Bath application
of 20 mM tetraethylammonium (TEA), which blocks
voltage-dependent K* channels in a wide variety of
excitable cells®, blocked the outward current (Fig.
1Aii). Under this condition of suppressed outward
current, application of depolarizing voltage steps did
not activate an inward current, suggesting that in-
ward channels are not present even in the neurites of
these neurons. Addition of 1 mM cobalt or 1 mM cad-
mium did not affect the outward current, indicating
that it is not dependent on Ca?* influx. Fig. 1B shows
the current—voltage relationship of this neuron in
control saline and in saline containing 20 mM TEA.
The outward current is activated at ca. —35 mV and
exhibits the voltage-dependent increase in magni-
tude characteristic of the delayed rectifier found in
nearly all neurons!®.

Another fraction containing 62% of cells in 10-54-
h-old cultures (designated Type II) was characteri-
zed by the presence of a transient outward current
and an all-or-none inward current. These cells exhi-
bited leakage current for depolarizing voltage steps
up to +35 mV from a holding potential of —-60 mV
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Fig. 1. A: records of outward currents during depolarizations
from a holding potential of -60 mV. Transmembrane potential
is shown to the right of the current trace; (i) in control saline,
(ii) in saline containing 20 mM TEA. No EGTA in electrode;
24-h-old culture. B: current—voltage relationship of the same
neuron in control saline (@) and in saline containing 20 mM
TEA (O). Currents are typical of Type I cells in 10-54-h-old
cultures.

(Fig. 2A); the magnitude of these currents changed
linearly with voltage (Fig. 2C). The presence of ex-
ternal TEA (20 mM) or cobalt (1 mM) had no effect
on these currents. Application of depolarizing volt-
age steps from a holding potential of —-80 mV instead
of -60 mV evoked a transient outward current (Fig.
2B). The amplitude of the transient current was in-
creased by stepping to more positive command po-
tentials. At holding potentials equal to or more posi-
tive than —60 mV, the transient outward current was
completely inactivated (Fig. 2A). The addition of 20
mM TEA did not significantly affect this current.
These characteristics of the transient outward cur-
rent are similar to those of the I, current of mollus-
can neurons'®!7. A similar transient K* current has
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Fig. 2. A: membrane currents of a Type I cell during depolari-
zations from a holding potential of ~60 mV in control saline;
40-h-old culture. B: records of transient outward currents
from a 36-h-old cultured neuron. Depolarizing steps were ap-
plied from a holding potential of —80 mV. C: current-voltage
relationship of the neuron in A. Currents measured near the
termination of the voltage pulse.
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been observed in cultured rat hippocampal and
mouse spinal neurons™.

In addition to the transient outward current, this
type of neuron (Type II) exhibited a delayed all-or-
none inward current for larger depolarizing voltage
steps, to +40 mV and above (see Fig. 3). Increasing
the voltage step size reduced the latency between the
onset of the voltage step and the onset of all-or-none
current and increased the frequency of the current
spikes. In most cases multiple all-or-none currents
were observed (Fig. 3A). The amplitude of the cur-
rents was only slightly reduced when the depolarizing
step was increased by 40 mV. Since the all-or-none
currents persist even when the voltage steps at the
soma were above Ey,, it is most likely that the all-or-
none currents arose at a remote site where mem-
brane voltage was not clamped. These currents are
similar to the currents observed in the neurites of
neuroblastoma cells under two-microelectrode volt-
age clamp®® and are well described in molluscan neu-
rons”?. The all-or-none currents were not altered in
Ca**-free saline with 10 mM MgCl,, a condition
known to block chemical synapses?!. Also, the cur-
rents did not change significantly after 25 min of incu-
bation in Ca’*/Mg’*-free saline which has been
shown to reduce or block direct electrical coupling
between cells*. Therefore, it is likely that the all-or-
none currents were not generated by a synaptic
mechanism. However, the all-or-none current could
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Fig. 3. Multiple all-or-none neurite current recorded from a 36-h-old cultured neuron (Type II). A: in control saline; B: in presence of
1 uM TTX; C: reversal from TTX block; D: in presence of 1 mM cadmium. Voltage step to +40 mV from a holding potential of —60
mV.



225

—— | "50 T +500
— --30 ®
\ / 400 pA °
/ 4 msec ‘
v o
—) --20 ;
-100 -60 °® e +40
—3 ———t i
— 7 --10 voltage ( mV ) g J’ -~
/ <
a
v L
, /‘ o -
——— - c
-v 0 e) "“500 e
o 5
/ﬁ )
4 -750

—

~+20

Fig. 4. A: membrane currents recorded from a 6-day-old cultured neuron (Type III) in control saline. Command voltage steps are
shown on the right of each current trace. B: current-voltage relationship of the same neuron. Peak inward current (open circles) and

outward current (filled circles).

be reversibly blocked by 1 uM tetrodotoxin (TTX;
Fig. 3B), or 1 mM cobalt or cadmium (Fig. 3D), in
the bathing solution. Replacement of external Na*
with tetramethylammonium (TMA) also blocked the
all-or-none currents, suggesting that the channels in-
volved are probably Na*-selective. Blockade of Na-
channels by extracellular application of cadmium!?
and 1 uM D-600%1* have been reported in cardiac
cells.

After 68—78 h in culture, cells showed both quanti-
tative and qualitative differences in their membrane
currents. Most of these cells had properties of Type
II cells. However, the amplitude of the depolarizing
voltage step necessary to generate the all-or-none
currents was reduced by about 40 mV from that of
the 10-54-h-old cells. Also, the amplitude of the all-
or-none current increased by a factor of 2. Increasing
the step size reduced the latency of the onset of the
all-or-none currents and increased the firing frequen-
cy. These all-or-none currents also were reversibly
blocked by 1 uM TTX, 1 mM cobalt or 1 mM cadmi-
um. The decrease in the threshold and increase in the
amplitude of the all-or-none current may be due to
changes in the passive properties of the neurite, or to

channel location, behavior and/or density. On the ba-
sis of the present study it is not possible to suggest
which of these variables contributes to the change in
threshold and amplitude of the all-or-none currents.

At this and later times in culture, we found two
types (111 and IV) of cells with additional membrane
currents. Cells of these types dominated the record-
ing samples up to 11 days in culture.

A series of membrane currents recorded from a 6-
day-old neuron of Type III is shown in Fig. 4A. De-
polarizing voltage steps were applied from a holding
potential set at —-60 mV. Hyperpolarizing and small
depolarizing voltage steps in the range between —100
mV to -40 mV produced small time-invariant leak-
age currents, whose magnitude changed linearly with
voltage. Pulses to levels more positive than —40 mV
induced inward current as shown in the left hand re-
cords (Fig. 4). The inward current was completely
abolished in the presence of 1 uM TTX without af-
fecting the outward or the leakage currents. Essen-
tially the same result was obtained when Na™ was re-
placed with TMA. The presence of 1 mM cobalt or
cadmium did not affect the inward current. Outward
current began to activate at membrane voltages
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around -35 mV. The outward current could be
blocked by 20 mM TEA but was unaffected in pres-
ence of 1 mM cobalt or cadmium. Fig. 4B shows the
current voltage relationship of the peak inward cur-
rent (O) and steady-state outward current (@) in
control saline. The peak inward current reached its
maximum value rather precipitously at around -30
mV with the reversal potential at around +35 mV
(leakage corrected). The outward current exhibited
a voltage-dependent S-shaped rise, seen in other cul-
tured neurons®?. These properties of the outward
current of Type 111 cells were very similar to those of
Type I cells.

Fig. SA shows the membrane currents recorded in
control saline from a 5-day-old neuron of Type IV for
a command voltage step to —15 mV from a holding
potential of —-60 mV. A large inward current and
transient outward current characterized the neurons
of this group. In the presence of external cobalt or
cadmium (1 mM), the inward current showed a
17-21% reduction in amplitude, and the duration in-
creased by a factor of 1.7-2.1 (Fig. 5B). The tran-
sient outward current was completely abolished. In 1
uM TTX, 80-85% of the inward current was blocked
but the transient outward current remained (Fig.
5C). Replacement of the external Na* with TMA
also blocked 80-85% of the inward current and only
slightly affected the transient outward current. These
results suggest that roughly 80% of the inward cur-
rent of cells of Type IV is carried by Na* and the
transient outward current is probably a calcium-acti-
vated current. The broadening of the inward current
in external solution containing 1 mM cobalt or cadmi-
um (Fig. 5B) suggests that in control saline the dura-
tion of the inward current is small because there is
nearly simultaneous activation of the outward cur-
rent. These cells (Type IV) showed a voltage-depen-
dent transient outward current (1) in the presence of
1uM TTX and 1 mM cobalt when the membrane po-
tential was held at ~80 mV, similar to those of Type 11
(Fig. 2).

A series of membrane currents recorded from a
Type IV neuron after 7 days in culture is shown in
Fig. 6A. Depolarizing voltage steps were applied
from a holding potential at —60 mV. The latency be-
tween the onset of the voltage pulse and the onset of
the inward current, which is quite pronounced for
smaller voltage steps, decreases with increasing step
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Fig. 5. Membrane currents recorded from a 3-day-old cultured
neuron (Type IV). A: in control saline; B: in presence of 1 mM
cadmium which eliminated the transient outward current; C: in
presence of 1 uM TTX, which blocked most of the inward cur-
rent. Voltage step to —15 mV from a holding potential of —60
mV.

size. This is an indication that at least part of the cur-
rent is generated in regions of poor spatial control of
voltage®. Fig. 6B shows, for this neuron, the cur-
rent—voltage relationship of the peak inward current
(0), of the peak value of the transient outward cur-
rent (O) and the value of the outward current at
the termination of the voltage pulse (@). The fast in-
ward current is activated at a membrane voltage
slightly above —40 mV, similar to the activation of the
outward currents. The reversal potential of the fast
inward current is about +35 mV (leakage corrected).
The 1-V relationship shows that the peak transient
outward current reaches a maximum value at —10
mV, where the peak inward current also reaches its
maximum. The plateau outward current shows the
linear I-V relationship typical of leakage current and
indicates that there is little or no delayed rectifier
current.

In addition to these groups of cells, two out of a to-
tal of 43 cells examined after 9 to 11 days in culture
exhibited large voltage-dependent fast and slow in-
ward current, shown in Fig. 7A. Both the fast and the
slow components of the inward current showed volt-
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Fig. 6. Membrane currents recorded from a 7-day-old neuron (Type IV) in control saline. Command voltage is shown on the right of
each current trace. B: current—voltage relationship of the same neuron. Peak inward current (open squares), peak transient outward

current (open circles) and plateau outward current (filled circles).
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Fig. 7. Membrane currents recorded from a 11-day-old neuron.
A: both the fast and slow inward currents at a slower time scale
(bar, 40 ms). B: the slow inward current in presence of 1 uM
TTX (bar, 10 ms).

age dependency. The fast current was insensitive to 1
mM cobalt or cadmium, but was completely blocked
in presence of 1 uM TTX (Fig. 7B). The slow inward
current was insensitive to TTX, but was blocked in
presence of 1 mM cobalt or cadmium. Because they
represent only 1% of the cells studied, they are not
included in the tables.

DISCUSSION

This investigation was carried out to examine the
expression of ionic currents in dissociated rat dien-
cephalic neurons as a function of time in a serum-free
culture medium. It is recognized that dissociation it-
self involves procedures and conditions which clearly
affect and may compromise normal neuronal func-
tion. Nevertheless, cells which survive this process
develop most, if not all, of the functional properties
of mature neurons'?® and thus offer unique opportuni-
ties for the investigation of cellular mechanisms in a
controlled environment.
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The freshly dissociated cells are almost completely
devoid of processes having the appearance of undif-
ferentiated neurons. It is possible that some of the
cells have lost processes during the dissociation pro-
cedure. However, it is generally considered that in
mammalian CNS; cells which have begun the process
of differentiation do not survive the dissociation pro-
cedure'l. In a separate study, we have found that
more than 95% of the cells dissociated from 17-day-
old fetal rat diencephalon have recently arrested and
remain in G;-phase of the cell cycle, prior to initia-
tion of differentiation (Ahmed and Fellows, in prepa-
ration). Therefore, it is likely that the membrane
properties observed in this study are those expressed
during the subsequent differentiation of these neu-
rons in culture.

Although the dissociated diencephalic cells are es-
sentially synchronized in terms of the cell cycle, they
are unlikely to be of one cell lineage. Since neurons
of a number of nuclei of the rat diencephalon that
form during the 16th and 17th day of gestation®*
would be expected to survive the dissociation proce-
dure, our observation of cells with differing mem-
brane properties may reflect lineage heterogeneity.
While it would be desirable to eliminate the problems
of lineage heterogeneity by studying the same cell re-
peatedly, this is not possible because of the small size
and fragility of these cells. Consequently, we have in-
vestigated populations of cells as a function of time in
culture and have characterized cells at each stage ac-
cording to their observed membrane currents.

Although we have observed variation in the ex-
pression of membrane currents among cells at any
particular time in culture, certain characteristics of
appearance of ionic currents emerge from this study.
Firstly, in all cells the outward current appears ear-
liest in development. However, two distinct types of

TABLE1

Grouping of cells according to their observed membrane prop-
erties

Type I Type Il Typelll TypelV
Ig (V)* IL (V) (V) I,V
Ina In. (V) I (Ca), transient
(all-or-none) (V)

* Voltage-dependent

outward currents were present. Very early in culture.
24% of the cells exhibited the delayed rectifier cur-
rent and in 62% the transient I,-like outward cur-
rent. Secondly. initially the inward current is carried
by Na*. In some cells the channels are first expressed
in the neurites and then in or near the cell body. The
early neuritic Na™ channels are blocked by Co or Cd
as well as TTX. In others, the early Na* channels
appear in or near the cell body and are only blocked
by TTX. In a previous study® with 20-day-old fetal
cultured brainstem-cerebellum neurons. it was re-
ported that the cells first expressed a Ca’"-depen-
dent action potential and then a predominantly Na™-
dependent action potential. The chronological
grouping in that study was much broader which may
have led to a premature conclusion, especially given
the fact that in a large number of diencephalic neu-
rons cobalt or cadmium also blocks the Na* chan-
nels. On the other hand, the sequence of expression
of ionic currents in 20-day-old brainstem—cerebellum
neurons may be different. Thirdly, with additional
time in culture, a majority of cells exhibited a Ca’*
current at the time of appearance of Na* channels in
or near the cell body as well as a transient Ca**-de-
pendent outward current. These inward currents
show the classical pharmacologic profile.

Table 1 summarizes the 4 different types of mem-
brane currents and Table 1l the number of cells exhi-
biting these properties at each time period. Cells dis-
playing Type I properties are present only during the
initial period of culture. Their characteristic mem-
brane property is a voltage-dependent, TEA-sensi-
tive outward current. Since the outward current exhi-
bits the 1-V relationship typical of adequately volt-
age-clamped cells'”, the ionic channels are probably
located at or near the cell body. Cells of Type I1I ex-
hibited a similar outward current along with a TTX-
sensitive, cobalt/cadmium-insensitive inward cur-
rent, graded with applied voltage. The inward cur-
rent in these cells is carried by Na* and the channels
responsible for carrying the bulk of the current are
probably located in or near the soma. Cells of Type
III were only seen after about 3 days in culture. Be-
cause of the similar properties of the outward current
and the time sequence in which the cells of Type I and
III are seen in culture, it is possible that Type 1 and
III properties belong to the same class of neuron,
with those of Type III being a more differentiated



TABLEII

Grouping of cells according to their time in culture
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Total numbers of cells examined at each time interval as well as the number (percent of interval total) exhibiting properties of Types

I-IV.

Time in culture Total no. of cells examined Typel Type Il Type 111 Type IV
10-54 h 71 17 (24%) 44 (62%) 0 0

68-78 h 53 0 36 (68%) 13 (24.5%) 3(5.6%)
4-5 days 36 0 8(22%) 15 (41.7%) 13 (36%)
6-7 days 36 0 0 14 (38.9%) 22 (61%)
9-11 days 41 0 0 13(31.7%) 28 (68%)

version of Type 1. Studies with cultured avian mesen-
cephalic neurons have shown that the voltage-depen-
dent K* currents are expressed first, followed by the
expression of Na* currents and in some cells Ca®*
currents®. A progression from Type I to Type 111
would be consistent with such a sequence, although
alternative mechanisms are not ruled out.

Celis of Type 11 showed an all-or-none inward cur-
rent generated at the neurites and a transient out-
ward current similar to the A-current generated in
the molluscan cell body!®. The all-or-none inward
current was observed only when the soma was depo-
larized to +40 mV. Since the all-or-none currents
were not affected by blocking both chemical and
electrical synapses, it is certain that these currents
were generated in the neuron under investigation.
Also, since these currents were only slightly affected
by voltage steps near or above Ey,, the all-or-none
currents must arise at electrically distant neurites
where membrane voltage is not under space clamp.
The all-or-none currents were abolished by the addi-
tion of TTX or by the removal of external Na*, indi-
cating that they were carried by Na*. However, the
blockade of the all-or-none current by cobalt or cad-
mium raises a question about the nature of the early
ionic channel. Cadmium has been shown to block
Na™ channels in cardiac cells'?. It is also possible that
the channels expressed early during development are
Na* channels having some structural feature com-
mon to the Ca®* channels as suggested for neuroblas-
toma cells®! and rat cardiac myocytes®. Cells of Type
IV also show some of the Type II membrane prop-
erties in addition to a large inward current generated
in or near the cell body and a Ca®*-dependent tran-
sient outward current. About 85% of the inward
soma current is carried by Na* and the remainder by

Ca’*, both of which exhibit classical pharmacological
specificity. Again, because of the similarities in mem-
brane properties of Type II and IV cells and the time
sequence in which the cells of Type II and IV appear
in culture, one can speculate that cells of Type IV are
a more developed version of Type II cells. The pro-
posed sequence of expression of membrane current
would be similar to that of the developing neurons of
grasshopper, where Na* current is first expressed in
the axons and, after further maturation of the neu-
rons, in the cell body!>1°,

Based on electrophysiological criteria, this study
has suggested that, in dissociated primary culture of
E17 fetal rat diencephalon, at least two and perhaps
more, classes of neurons with different developmen-
tal properties are present. In the simplest model, one
class of cells first develops an inward current in the
neurites and subsequently in the cell body. The neu-
rite inward current is largely carried by Na*, but the
channel may have structural similarity with the Ca®*
channel in early stages of development. At later
stages the inward channels exhibited classical phar-
macological specificity. The second class of neurons
first expresses a voltage-dependent outward current
in the soma and then expresses voltage-dependent in-
ward Na™ current in the soma. Both the inward and
outward currents show classical pharmacological
specificity.

This study has demonstrated that the expression of
ionic channels in the membrane of the rat diencepha-
lic neurons can take place in the absence of systemic
hormones known to influence the development of the
brain. Since the serum-free defined medium does not
need to contain hormones or trophic factors other
than insulin for the survival of these cells in culture?,
it provides an excellent opportunity for the investiga-
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