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An early outward conductance modulates the firing latency
and frequency of neostriatal neurons of the rat brain
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Summary. An in vitro slice preparation was used to
obtain intracellular recordings of neostriatal neurons.
Indirect evidence for the presence of an early out-
ward conductance in neostriatal neurons is pre-
sented. With near threshold stimulation neostriatal
neurons fired very late during the pulse. The long
firing latency was associated with a slow (ramp-like)
depolarization. In the presence of TTX the slow
depolarization was lost and outward-going rectifica-
tion dominated the subthreshold response. This find-
ing demonstrated that both, outward- and inward-
going conductances play a role during the ramp-like
depolarization. Outward-going rectification during
depolarizing responses could be further augmented if
the depolarizing stimulus was preceded by a condi-
tioning hyperpolarization. A conditioning hyper-
polarization prolonged the firing latency and slowed
the firing frequency. A conditioning depolarization
had opposite effects. After TTX treatment, the
response showed a hyperpolarizing “sag” when
depolarizing stimulation was preceded by condition-
ing hyperpolarization. 4-AP (0.5-2.5 mM) blocked
the effects of the conditioning hyperpolarization on
the firing latency and on the voltage trajectory. 4-AP
also disclosed a slow depolarization which could
produce neuronal firing very early during the pulse.
This depolarization was TTX-sensitive and Co**-
insensitive. In contrast to 4-AP, TEA (20 mM) did
not produce a reduction in the firing latency but
disclosed a membrane oscillatory behavior most
probably produced by the interplay of these opposing
conductances: the slow inward (probably Na™) and
the transient outward (probably K*). Repetitive
firing during 4-AP treatment was of the “phasic-
tonic” type with an initial burst riding on the initial
Co™*-insensitive slow depolarization and a somehow
irregular train of spikes during the remainder of the
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stimulation. Action potentials during 4-AP treatment
were followed by an afterdepolarization which domi-
nated the initial part of the interspike interval.

Key words: Neostriatum — Neostriatal slices — A-
current — 4-aminopyridine - TEA

Introduction

It has been shown (Galarraga et al. 1985; Kita et al.
1985a; Calabresi et al. 1987a) that stimulation of
neostriatal neurons with depolarizing currents of
near threshold intensity evokes neuronal firing only
very late during the pulse. The long initial spike
latency is associated with a slowly rising (ramp-like)
depolarization that could last hundreds of mil-
liseconds. The contribution of an inward-going vol-
tage-dependent ionic conductance, such as a slow
inward sodium or calcium current, has been pos-
tulated in this depolarization (Kita et al. 1985a, b;
Calabresi et al. 1987a). However, it has been shown
in other neurons and systems (Connor 1975; Gustafs-
son et al. 1982; Galvan and Sedlmeir 1984; Galvan
1982; Segal et al. 1984; Salkoff 1985) that activation
of outward currents could also play a role in shaping
slowly-rising voltage trajectories toward firing
threshold.

Although activation of many outward currents
could delay action potential firing and dampen
excitability, an early transient outward current has
characteristically been critical for delaying respon-
siveness (Byrne 1980a, b; Galvan 1982; Segal et al.
1984) and regulating the frequency of repetitive tonic
firing (Connor and Stevens 1971; Connor 1975;
Connor 1985). Since some neurotransmitters affect
this type of current (Aghajanian 1985; Rogawski
1985; Nakajima et al. 1986), it follows that altera-



tions in firing latency and discharge pattern produced
by neuromodulators could be mediated through
changes in this ionic conductance (Strong and Kacz-
mareck 1987). Thus, the presence of this class of
outward current in neostriatal neurons could be of
value in understanding the actions of striatal trans-
mitters. Here we show some evidence that the
activation of an early conductance which is blocked
by 4-aminopyridine (4-AP: 0.5-2.0 mM) but not by
tetracthylammonium (TEA: up to 20 mM) slows the
firing frequency and prolongs the firing latency of
neostriatal neurons. Some of these results have been
communicated in preliminary form (Galarraga et al.
1985).

Methods

Experiments were performed in rat brain slices maintained in
vitro. The method used to obtain slices is similar to those already
reported (Misgeld et al. 1979; Kitai and Kita 1984). Briefly, Wistar
rats (250-300 g) were decapitated, had their brains removed
quickly and placed in cold (8 ° C) Krebs solution. Coronal slices of
350 ym with the caudate-putamen nucleus were obtained with a
vibratome. The slices were incubated in oxygenated Krebs at room
temperature for at least 30 min before being transferred to the
recording chamber. Slices were maintained in a warm, moist
chamber and superfused continuously from below (Kitai and Kita
1984). Normal Krebs solution contained in mM: 120 NaCl, 1.75-5
KCl, 1.25 KH,PO,, 1.75 MgSO,, 25 NaHCO,;, 2 CaCl,, 11
glucose. Solutions were gassed with 95% O, and 5% CO,. The pH
was adjusted to 7.4, and osmolarity to 310 mOsM/1. Total extracel-
lular potassium concentration in each experiment is indicated in
the results. Tetrodotoxin, 4-AP and TEA were purchased from
Sigma (St. Louis). Intracellular recordings were made with glass
microelectrodes  (80-120 MQ2) filled with potassium acetate
(3-4 M) and pulled with a Brown-Flaming horizontal puller. Data
were accepted if, during the collection period, the resting mem-
brane potentials (RMPs) were more negative than —60 mV and
action potentials amplitudes were at least 70 mV when measured
from the resting potential level. Intracellular potentials were fed
into a high input impedance electrometer (WPI) with an active
bridge circuit. Potentials were monitored with a digital (Nicollette-
206) oscilloscope. Digitalized records chosen for analysis were
recorded on diskettes for further enlargement and measurement.
Afterwards, these records were drawn on paper using an HP x/y
plotter.

Results
Threshold behavior

The presence of subthreshold voltage-dependent
ionic conductances can be inferred from the I-V
relationship in this range (Bargas et al. 1988).
Figure 1A shows this relationship. When only the
measurements near the resting membrane potential
(RMP) are considered, the data can be fitted by a
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straight line (marked “a”; same letters were used for
the correspondent functions given in the figure
legends) whose slope and intercept give the input
resistance and the RMP respectively. However, if the
complete curve in control conditions is considered
(“b”: filled squares, corresponding to late measure-
ments of records in Fig. 1B) an inward-going rectifi-
cation for depolarizing currents is apparent. This
rectification is manifested as an apparent increase in
input resistance and by the fact that the I-V plot is
now better fitted by a quadratic function with a
positive square term. After the application of TTX
(“c”: empty squares, measurements taken from late
measurements of records shown in Fig. 1C), the
same neuron shows outward-going rectification to
the same depolarizing currents. This is manifested by
the now negative square term in the fitted quadratic
function. This suggests that both inward and outward
currents are being activated by the applied sub-
threshold currents. Otherwise, TTX would only
straighten the plot for depolarizing pulses towards
the straight line marked “a”. Thus, although in
normal conditions inward currents dominate sub-
threshold responses, a large component of these
appear to be suppressed by TTX. A similar result was
obtained by Calabresi et al. (1987a). This may
explain why autoregenerative responses cannot be
produced in these neurons after TTX application if
outward currents are not blocked at the same time
(Kita et al. 1985b; Calabresi et al. 1987b).

A number of K* conductances could contribute
to the outward-going rectification after TTX. Here
we will offer some evidence suggesting that at least
part of the outward going rectification is due to an
early transient conductance which is more sensitive
to 4-AP than to TEA (but see: Galarraga et al. 1989).

Under control conditions and applying long dura-
tion current pulses of near threshold strength,
neurons fired after a long latency with a characteristic
voltage trajectory (Figs. 2A-D, 3B (top), 3C, D,
4A, 5A). When currents of significantly smaller
amplitude were applied (Fig. 2A lower voltage trace)
only a passive response was evoked. The response
reached a steady-state membrane potential (V) with .
a mean time constant of about 6-14 ms (Bargas et al.
1988). With the larger depolarizing currents the
membrane voltage did not reach a steady state.
Instead, a voltage trajectory consisting of a slowly
rising depolarization up to the end of the current
pulse or to the spike threshold was observed
(Fig. 2A-D, see also 3C, 4A, 5A). The top trace in
Fig. 2A shows the firing of the neuron (action
potential clipped) after a latency greater than
100 ms. This depolarization has been attributed to
slow inward sodium and/or calcium currents in cau-
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Fig. 1A-C. Effect of TTX on the I-V
curve. A I-V curve taken before (b:
filled squares) and after (c: empty
squares) TTX (1 uM). Zero on the
abscissa indicates the RMP (=70 mV
in this cell with [K*], = 5 mM). V,,
is the membrane potential measured
at the end of the current pulse. “a” is
a straight line fitted by Y = -70.4 +
(56.8)X. Only a few points near the

] 2nA  RMP were taken for this fit. Curve
“b” shows inward going rectification
C 50 ms for depolarizing pulses and therefore

was more conveniently fitted by a
quadratic function, Y = —71.3 +
(59.3)X + (17.4)X?, instead of a
straight line. After TTX the curve
(“c”) shows outward going rectifica-
tion: Y = ~71 + (52.2)X - (11.0)X2.
For all fitted functions: r = 0.998,

Y = membrane potential and

X = injected current. Samples of

current (top) and voltage (bottom)

pulses are shown in B (control) and

C (same cell after TTX)

date-putamen neurons (Galarraga et al. 1985; Kita et
al.1985b; Calabresi et al. 1987a). However, in other
neurons and excitable cells, outward currents have
also been postulated to play a role in determining this
type of voltage trajectory (Connor 1975; Gustafsson
et al. 1982; Galvan 1982; Galvan and Sedimeir 1984;
Segal et al. 1984; Salkoff 1985). Figure 2B, illustrates
an early outward-going deviation from the expected
passive response during the slowly-rising depolariza-
tion, in spite of inward conductances present in
control conditions (see Fig. 1). The slow depolariza-
tion (active response) is superimposed on the elec-
trotonic response (dashed line) expected for the
intensity of the applied pulse assuming linear proper-
ties of the membrane (Bargas et al. 1988). It can be
seen that the early part of the active response is less
than that expected for electrotonus, suggesting the
prevalence of outward currents upon the early part of
the response. However, later in the pulse, the
response is greater than that expected for elec-
trotonus, indicating the prevalence of inward cur-
rents. Therefore, outward and inward currents,
acting sequentially or simultaneously, shape the
response in control conditions, as if the membrane
time constant had been enormously increased. The
result is a delayed firing.

The predominance of outward currents early in
the response to depolarizing stimuli can also be

inferred from Fig. 2D. Here the response to increas-
ing amplitudes of depolarizing (and hyperpolarizing)
currents are superimposed. At the beginning of the
slow depolarizations, the traces superimpose as if
they were being forced downwards (arrow). This is
not seen for hyperpolarizing currents. Figure 2C
(action potential clipped) shows that the firing
latency could be hundreds of milliseconds without
evidence of accomodation (cf., Frankenhauser and
Vallbo 1965). Similar voltage trajectories can be seen
in Figs. 1B, 3C, 4A, 5A which are very similar to the
ones reported in previous studies (Connor 1975;
Galvan 1982; Gustafsson et al. 1982).

These results suggest that outward-going ionic
conductances can be manifested during the early part
of a subthreshold response in control conditions.
Next, we will provide indirect evidence that an early
activated conductance which can be de-inactivated by
a previous hyperpolarization may contribute to these
outward-going rectification.

Effect of hyperpolarizing prepulses on firing latency
and frequency

Transient outward currents reported in other systems
are partially inactivated at an RMP of —60 or <70 mV
(Gustafsson et al. 1982; Segal et al. 1984; Dekin and
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Getting 1984; Zbicz and Weight 1985). The possibil-
ity exists that a similar conductance might be partially
inactivated in neostriatal cells at these membrane
potentials. These potentials are better attained in
caudate neurons if the [K™], is near 6 mM (Bargas et
al. 1988). Thus, if inactivating outward-going con-
ductances are present in neostriatal neurons, one
should be able to increase their contribution during a
depolarizing response by means of a conditioning
hyperpolarization.

In Fig. 3A, B the effect of a constant hyper-
polarizing pre-pulse on the firing characteristics of
neostriatal neurons at variable strengths of stimula-
tion can be seen. In Fig. 3C, D the effect of a
variable pre-pulse on the firing characteristics of a
constant stimulating pulse is shown. Special care to
avoid any drifts in the resting potential and to discard
records which presented such a drift were taken,
since variations of the RMP could alter latency and

100 ms

Fig. 2A-D. Electrotonic and subthreshold potentials induced
by long current pulses. A Above, responses that were
increased from a minimum (bottom) to a maximum (upper-
most trace); below, current pulses. We assumed that the
current pulse of lowest strength only evoked an electrotonic
potential; active responses expressed as slowly rising depolari-
zations are apparent at higher strengths; a spike (truncated)
was fired when the slow depolarization reached the firing level.
B Superimposition of the electrotonic potential with the active
response. Assuming linearity of membrane electrical con-
stants, the electrotonic response was normalized (dashed line)
for the same intensity of stimulation used for the active
response. C In another cell it is shown that latency and slow-
ramp depolarization can last hundreds of milliseconds (action
potential clipped). D Superimposed traces of membrane vol-
tage (top) evoked by depolarizing or hyperpolarizing current
pulses (bottom). Note the outward going rectification and the
crushing (arrow) of the depolarizing responses at the very early
part of the depolarizing pulse. A, C, D Different neurons.
[K*]e= 3 mM. RMPs = ~80 mV

frequency. Frequency of stimulation was 0.5 Hz. In
column A, responses to stimulating currents of
increasing intensity are shown. It can be seen that the
firing frequency of the train increased and the latency
to the first action potential decreased as the stimulus
intensity was augmented. The discharge was tonic
and without significant adaptation (Calabresi et al.
1987b). In column B, depolarizing currents of equal
intensity than in control conditions were preceded by
a constant hyperpolarizing conditioning pulse (same
RMP). It can be seen that the effect of the pre-pulse
was to prolong the latency to the first action potential
and to decrease the firing frequency during the pulse.
The latency increase was seen in more than 70% of
the tested neurons. The reduction in frequency was
clearly seen in about 40% of the tested neurons
(N = 20).

Figures 3C and D illustrate the behavior of
another neuron. In this case, the polarity of the pre-
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Fig. 3A-D. Effect of a conditioning pulse on firing latency and
frequency of discharge. Four sets of recordings are shown in
columns A (control) and B (with a constant conditioning hyper-
polarizing pre-pulse). The strength of the stimulating current was
the same in the absence or presence of the hyperpolarizing pre-
pulse. From top to bottom the strength of the depolarizing current
(lower trace) was increased. Firing frequency was proportional to
the depolarizing current, and latency for the first action potential
decreased as the strength of stimulation increased. The condition-
ing hyperpolarization prolonged the firing latency and reduced the
frequency of discharge. [K*],= 6 mM, RMP = 70 mV. C Su-
prathreshold stimulation to show control voltage trajectory toward
the first spike in another neuron. D Two traces are superimposed.
Same neuron as in C to show the changes induced in the voltage
trajectory toward firing by conditioning hyperpolarizing and
depolarizing subthreshold pulses. The depolarizing test-pulse
remained constant in C and D. The conditioning pre-pulse was
only changed in polarity in D. [K*],= 3 mM, RMP = -75 mV

pulse varies and the intensity of the stimulation
during the second depolarizing (test) pulse remains
constant (0.39 nA in all cases). A control trace
without the pre-pulse is seen in C showing the
characteristic voltage trajectory toward spike
threshold. The latency to the first spike was 245 ms.
Two superimposed records of the same neuron with
different pre-pulses are shown in D. In one case, the
pre-pulse was hyperpolarizing and the latency for

firing was 315 ms, in the other case the pre-pulse was
depolarizing (subthreshold) and’the latency to the
first spike was 135 ms. Therefore, there is an increase
in latency directly related to the previous transmem-
brane potential difference. Note that the voltage
trajectory toward firing (Fig. 3D) is different when
the pre-pulse is either depolarizing or hyperpolariz-
ing. In spite of the fact that both test pulses begin at
the same time and that they are of equal stimulation
intensity, the pulse preceded by a depolarizing pre-
pulse is of higher amplitude than the pulse preceded
by a hyperpolarizing pre-pulse. Moreover, the vol-
tage trajectory toward spike threshold evoked by the
pulse preceded with a hyperpolarizing pre-pulse has a
concave trajectory (see also Fig. 5A). Since this
cannot be explained by different membrane time
constants (Bargas et al. 1988), we can hypothesize
that the voltage trajectory with the highest amplitude
has less outward-going rectification than the trajec-
tory with less amplitude. We suggest that the differ- -
ence between both test pulses may be attributable to
the preceding conditioning pulse, perhaps because a
hyperpolarizing pre-pulse would de-inactivate part of
the outward-going rectification present in this
neurons. ‘

The conclusion from these experiments is that
there may be an early activated outward conductance
that could be partially de-inactivated with a previous
hyperpolarization if the RMP of neostriatal neurons
is around —60 or —70 mV. Depending on its degree of
activation, this conductance could play an important
role in regulating latency and firing frequency in
control conditions.

4-AP decreased the prolonged firing latency

Since 4-AP is known to preferentially block a tran-
sient outward conductance in other systems (see
Rudy 1988), the effect of 4-AP was tested in the
presence of hyperpolarizing conditioning pulses
(Fig. 4). Records from A to D are from the same
neuron and were taken at the same resting mem-
brane potential using equal intensities of stimulation.
In 4A, an action potential is shown, which was
evoked after a typical depolarizing voltage trajec-
tory. The neuron fired after a latency more than
200 ms, which was longer than in the absence of the
pre-pulse (not shown but see Fig. 3). After adding
4-AP (500 uM) to the bath, the same protocol
produced firing after a short latency (Fig. 4C, com-
pare with 4A). Thus, 4-AP drastically reduced the
firing latency. This suggests that activation of a 4-AP
sensitive conductance helps to prolong the firing
latency of neostriatal neurons.
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Fig. 4A-E. Effect of 4-AP on the firing
latency. In every case a hyperpolarizing
conditioning pulse preceded the injection of
the depolarizing current. Upper trace: vol-
tage; lower trace: current. Same neuron
from A to D. A Control. B, C 20 min after
addition of 4-AP (500 uM). B Subthreshold
stimulation; two superimposed traces, in the
absence (bottom) and presence (top) of the
depolarizing pulse. An early “hump”
(arrow) is seen in the top trace. C Threshold
stimulation. D 30 min after adding TTX

(1 pM) to the 4-AP containing solution.
Same strength of stimulating current was
usedin A, C, and D. RMP (71 mV) of this
cell did not change appreciably throughout
the experiment ([K*],= 5 mM). E 30 min
after adding TTX (1 uM) in another cell;
two traces superimposed in the absence
(bottom) and presence (top) of the

depolarizing pulse. Note the early hyper-
polarizing response. RMP = —69 mV,

E [K*],= 5 mM

After adding 4-AP to the bath, a slow (= 50 ms),
non-regenerative potential was evident at the begin-
ning of the depolarizing pulse (Fig. 4B). This sub-
threshold depolarizing response (preceded by the
hyperpolarizing pre-pulse) is compared with the
passive relaxation from the hyperpolarizing pre-pulse
alone (two traces superimposed in 4B). The main
difference is the early appearance of a slow depolar-
izing “hump” (arrow) during the applied depolarizing
current. This slow “hump” could hardly be a local
response of a neostriatal action potential that nor-
mally lasts about 1.5 ms (to compare with a local
response see Sugimori et al. 1978 Fig. 4D). The
action potential in Fig. 4C, seems to arise from this
“hump”. The “hump” seems to repolarize very fast
after it peaks, indicating that other outward currents
may participate in the modulation of the slow ramp-
like depolarization (see Fig. 6C and accompanying
paper: Galarraga et al. 1989). After adding TTX
(1 pM) to the bath (Fig. 4D), the “hump” could no
longer be evoked, and firing was absent. However,
note that a similar evoked “hump” (i.c., evoked after
4-AP) persisted after the addition of Co™* to the bath
(Fig. 6C). This suggests that this slow “hump” mostly
is the voltage manifestation of a Na* conductance
(Calabresi et al. 1987a).

By comparing Fig. 4B and 4C, it is evident that
other sources of outward-going rectification are still
present. The amplitude and the time constants meas-

ured at the constant depolarizing test pulse are less
after TTX (see also Fig. 1), while the amplitude and
time constant measured at the constant hyperpolariz-
ing pre-pulse show little (if any) change. These
changes cannot be attributed simply to less input
resistance because of the time of impalement or
rundown, otherwise both the hyperpolarizing and the
depolarizing pulses would show similar changes. The
same result was obtained in five neurons (with 4-AP
concentrations ranging from 0.5 to 2.0 mM). This
suggests that the slow depolarizing potential and the
action potential are partly dependent on TTX-sensi-
tive ionic conductances.

From the effects of TTX described above, it can
be inferred that, a slow Na'-conductance is being
activated at about the same membrane potential as
the presumed early 4-AP sensitive outward conduct-
ance (Galarraga et al. 1985; Calabresi et al. 1987b).
Since the subthreshold activation of these .conduct-
ances produces opposite currents, it is expected that
blockade of one will make the effect of the other
more evident. Thus, blockade of the early outward
conductance by 4-AP made the presence of a slow
TTX-sensitive depolarization more obvious (Fig.
4B). To see whether the opposite was true, that is
whether the blockade of the slow inward-going
conductance made the activation of the outward-
going conductance more evident, the experiment
illustrated in Fig. 4E was done. As seen here, after
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Fig. 5A-C. Effect of TEA on the firing latency. A Control.
B, C, 30 min after adding TEA (20 mM). TEA-CI substituted
NaCl equimolarly. In contrast to 4-AP, TEA did not shorten the
firing latency. Note the oscillations of the membrane potential in
the presence of TEA. The oscillations were present even during
the plateau of the action potential (arrows), but persisted only
until the “off” of the depolarizing pulse. RMP =-75mV.
[K*].= 3 mM

adding TTX only, a depolarizing current pulse
applied after a hyperpolarizing conditioning pulse
produced a hyperpolarizing “sag” instead of the
depolarizing “hump” seen after 4-AP (Fig. 4B).
Although variable in amplitude and duration from
neuron to neuron, the hyperpolarizing response was
a consistent finding, if the depolarizing test pulse
was preceded by a hyperpolarizing pre-pulse. This
response may be interpreted as an augmentation of
the outward-going rectification manifested in many
neurons as a concave voltage trajectory if preceded
by a conditioning pulse (see: Figs. 3D and 5A). This
concave voltage trajectory or “sag” has been shown
by many investigators in other neurons and excitable
cells (Connor 1975; Galvan 1982; Gustafsson et al.

1982; Galvan and Sedlmeir 1984; Segal et al. 1984;
Salkoff 1985). It can be shown that it persists in the
presence of divalent calcium blockers (see Fig. 5F of
the accompanying paper: Galarraga et al. 1989).
However, it is worth to noting here that a hyper-
polarizing “sag” is hardly seen when coming from the
“off-break” of a hyperpolarizing pulse alone (Jahn-
sen and Llinds 1984; Yarom et al. 1985). In the
neostriatal neuron, a depolarizing pulse has to follow
the conditioning hyperpolarization to evoke this kind
of response. This could be due to different voltage
sensitivity of the early-activated conductance in dif-
ferent neurons (see Rudy 1988) and shows that the
voltage manifestation of similar ionic conductances
could vary from neuron to neuron. So far, the results
suggest that in normal conditions, both inward and
outward conductances are activated around the same
voltage range when the cell is depolarized.

In summary, 4-AP, a blocker of some early-
activated K*-conductances at millimolar concentra-
tions (Thompson 1982; Gustaffson et al. 1982; Gal-
van 1982; Galvan and Sedlmeir 1984; Segal et al.
1984; Josephson et al. 1984; Zbicz and Weight 1985;
Numann et al. 1987), unmasked a depolarizing
potential early in the response and practically
abolished the long firing latency which is characteris-
tic of neostriatal neurons. On the other hand, TTX,
an inward sodium current blocker, unmasked a
hyperpolarizing response which appeared to resist
the induced depolarization. As 4-AP and TTX
blocked opposite conductances (outward and inward
respectively), they produced opposite effects.

TEA did not block the prolonged firing latency

As shown in Fig. 5, the firing latency observed after
a hyperpolarizing conditioning pre-pulse, was still
present after TEA. TEA’s effect on neostriatal
neurons can be seen as a prolongation of the action
potential (Fig. 5B, C). Even though both TEA and
4-AP are K* conductance blockers, they appear to
have very different effects on neostriatal neurons
(Kita et al. 1985b, ¢; Calabresi et al. 1987b). The
present result confirms the findings of these authors.
Furthermore, in these conditions another pheno-
menon was present in several occasions during the
voltage trajectory that preceded firing: comparing
the traces in 5A and B, it is seen that TEA, together
with the hyperpolarizing pre-pulse, induced the
appearance of oscillations of the membrane potential
during the slow depolarization (together with an
increase in input resistance, see: Bargas et al. 1988).
These oscillations followed a regular frequency and
could even be observed on top (arrows) of the slow



Ca-potential (Kita et al. 1985b; Calabresi et al.
1987b; Cherubini and Lanfumey 1987) generated in
the presence of TEA. This is not rare because in
cardiac fibres the first phase of repolarization is
attributed to a fast, 4-AP sensitive, outward current
(Kenyon and Gibbons 1979). The oscillations disap-
peared briskly at the braking of the stimulating pulse
(Fig. 5B). The oscillations of the membrane poten-
tial can be seen gradually attenuating during a
lengthened firing latency (Fig. SC). In the absence of
the conditioning hyperpolarizing pre-pulse, TEA
rarely induces the appearance of these oscillations
suggesting that de-inactivation of the early outward
conductance favors the appearance of oscillations of
the membrane potential. This suggestion is in line
with the known oscillatory properties of the I,
current (Connor 1985; Strong and Kaczmareck
1987).

Effect of 4-AP on the firing pattern

Normally, neostriatal neurons fire tonically for the
duration of the stimulating current, even if this lasts
more than one sec (not shown). In most cases the
tonic discharge shows little adaptation (Calabresi et
al. 1987b). The experiment presented in Fig. 6 shows
that 4-AP changed the firing pattern from “tonic”
(Fig. 6A) to one that could be classified as “phasic-
tonic” (Fig. 6B). During the “phasic” component,
the action potentials showed marked frequency adap-
tation, while no adaptation was observed in the
“tonic” component (Fig. 6B). In addition, after
4-AP, neurons fired at irregular frequencies even
during the “tonic” part of the discharge (Fig. 6B)
having lost the regular firing observed before the
4-AP (Fig. 6A). Finally, after 4-AP, an after-
depolarizing potential was observed together with an
increase in the spike duration (compare 6A with 6B)
(Storm 1987).

It has been reported that in neostriatal neurons
(see accompanying paper: Galarraga et al. 1989) and
in motoneurons (Barrett and Barrett 1976) calcium
blockade first increases firing frequency and then
prevents sustained repetitive discharge. Here, this
effect of the blockade of the Ca** channels with
Co** (3 mM) was examined in the presence of 4-AP.
In this condition, neostriatal neurons did not fire
repetitively anymore (Galarraga et al. 1989). They
fired only one action potential followed by a slow
depolarizing potential (Fig. 6C, arrow). Moreover,
subthreshold currents, after 4-AP and Co*™, still
evoked the slow “hump” at the beginning of the
depolarization as was previously shown in 4-AP
without Co™* (see Fig. 4B). Thus, in contrast with
TTX, Co™* did not abolish the slow “hump” which
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Fig. 6A-C. Effects of 4-AP on the firing discharge. A Firing
discharge evoked by a long depolarizing pulse. B Firing evoked
30 min after adding 4-AP (1 mM). Note the high frequency firing
at the beginning of the pulse and the irregularity of the interspike
intervals. C After 30 min of addition of Co*" to the 4-AP-
containing medium. Here two responses evoked by a depolarizing
current of threshold strength are superimposed. One trace shows
an action potential followed by a slow depolarizing potential
(arrow); the other trace shows a subthreshold depolarizing poten-
tial. After adding Co**, no repetitive firing could be evoked

appears in the presence of 4-AP at subthreshold
stimuli (Fig. 6C). Note that the “hump” underlies the
initial phasic burst that characterizes the firing pat-
tern in the presence of 4-AP (compare 6B and 6C). A
difference with the “hump” in Fig. 4B would be the
slower rate of repolarization in the presence of Co* ™.
This could mean that Co™™ may be blocking a part of
the outward-going conductance which helps repolar-
ize the “hump” (Galarraga et al. 1989). Furthermore,
slow depolarizations can also be evoked after Mn™™
or low Ca*"-saline (see Figs. 8D and 9G in: Galar-
raga et al. 1989). In conclusion, the slow potential
facilitated by 4-AP is blocked by TTX and is not
blocked by divalent cations. This suggests that it is
Na* dependent. Note in Fig. 6C that the slow
depolarization evoked by subthreshold stimulation
and the slow depolarizing potential that followed the
spike repolarized following the same time course,
which suggests that both may be attributed to the
same conductance (Calabresi et al. 1987a).
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Discussion

The present results indicate that the voltage trajec-
tory preceding the firing of neostriatal neurons in
response to near threshold depolarizing currents,
cannot be solely explained by voltage-dependent
slow inward currents but that outward currents may
also be involved. Several types of K™ conductances
could be present in neurons: namely, the delayed
rectifier; at least one of the Ca-activated K* conduct-
ances; an early K* conductance; and an M-type
conductance (see: Rudy 1988 for references). The
aim of this work was to disclose the voltage manifes-
tation of one of this components; the early activated
potassium conductance. The effects of this early
outward conductance were demonstrated by inducing
changes in the firing latency (Figs. 3 and 4) and in the
firing pattern (Figs. 3 and 6) of neostriatal neurons
with a conditioning hyperpolarization.

Our results show that the effects of a conditioning
pulse on the firing latency and frequency of neostria-
tal neurons were the expected ones for an early-
activated and transient outward-going conductance.
It was seen that a conditioning hyperpolarization
increased the latency (i.e.: utilization time) to the
first spike (Fig. 3B, D), and that in many occasions,
the hyperpolarizing pre-pulse also decreased the
firing frequency (Fig. 3B; see also: Connor 1982) of
neostriatal neurons. These pre-pulse effects would
be expected if the conditioning hyperpolarization
increased the contribution of an outward-going
rectification during the depolarizing response. This
could occur by the removal of inactivation of such a
conductance with hyperpolarization (Connor and
Stevens 1971; Segal et al. 1984). This interpretation is
supported by the fact that a conditioning depolariza-
tion had opposite effects (Fig. 3C, D).

The slowing of the firing frequency as well as the
shaping of the interspike interval by an early-acti-
vated outward conductance have been discussed
elsewhere (Connor 1982, 1985). It has also been
emphasized that this type of conductance explains, in
part, the “tonic” type of discharge in neurons (Con-

nor 1982, 1985). In line with this, 4-AP disrupted the .

tonic firing pattern in neostriatal neurons and con-
verted it in a kind of phasic-tonic pattern albeit quite
irregular in its tonic component (Fig. 6B). It is worth
noting that blockade of other K*-conductances does
not affect firing pattern in the same way (Galarraga
et al. 1989). For instance, a probable blockade of the
Ca™"-dependent component of the outward conduct-
ance first increased and after decreased the firing
pattern (Galarraga et al. 1989). It was also shown
here that Co** may reduce the rate of repolarization
of the “hump” that appears in the presence of 4-AP

(Fig. 6C). This slow depolarization seems to underlie
the phasic component or burst which appears at the
beginning of the phasic-tonic train facilitated by 4-AP
(Fig. 6B).

In the neostriatal neurons tested, the effects of
the hyperpolarizing conditioning stimulation were
abolished by 4-AP. Thus, when 4-AP was used the
neurons fired with a short latency, losing their
characteristic firing delay and voltage trajectory
toward the first action potential (Fig. 4). This was
evident in the presence of the same stimulation
protocol as that used in control conditions (Fig. 4C).
As mentioned, in the presence of 4-AP threshold or
suprathreshold stimulation produced the action
potentials on the top of a slow depolarizing potential
or “hump” (Figs. 4BC, 6BC). This “hump” disap-
peared in the presence of TTX but persisted in the
presence of Co*™. Therefore, it is probably depen-
dent on Na*. Since this “hump” was slower than
expected for a local response of the fast sodium spike
and since a slow sodium conductance has been
postulated as playing a role in the slow voltage
trajectory toward spike threshold (Calabresi et al.
1987a), we tend to think that this “hump” evoked in
the presence of 4-AP (Figs. 4B, 6C) reflects the
voltage manifestation of a mostly slow Na*-conduct-
ance acting in the subthreshold region. Thus, inward
and outward subthreshold conductances may activate
at a similar voltage range during depolarizing
responses near the spike threshold. However, to our
knowledge, nobody has explored the possibility of
a Ca**-conductance acting at subthreshold voltage
levels, so that this contribution cannot be ruled out.

In contrast to 4-AP, the effect of a conditioning
hyperpolarization on the latency was relatively resis-
tant to TEA (Fig. 5). 4-AP sensitivity together with
TEA resistance points towards a particular kind of
early-activated conductances; the so-called I,-type of
potassium conductances that are reported to be
present in many excitable cells (Rogawski 1985) with
some degree of variation (Dolly 1988; Rudy 1988). A
conductance of this type was suspected in an earlier
study because of the characteristic voltage trajectory
(see Figs. 2, 3C, 5A) during threshold depolarizing
responses (Cherubini and Lanfumey 1987). Indeed,
our records showing the voltage trajectory toward
firing are similar to the ones reported by previous
studies in which an I, type of current has been
confirmed by voltage-clamp (Connor 1975; Gustafs-
son et al. 1982; Galvan 1982; Galvan and Sedlmeir
1984; Segal et al. 1984; Salkoff 1985). Moreover, a
parallel voltage-clamp study has confirmed the exist-
ence of an I,-like current in cultured striatal neurons
(Surmeier et al. 1988). Therefore, it is likely that
future studies on the firing pattern and on its



underlying responsible currents will further confirm
and characterize this conductance. In this respect,
other investigators have suspected the presence of an
early-activated outward conductance using intracel-
lular current injection methods with or without
associated voltage-clamp techniques (Jahnsen and
Llinds 1984; Dekin and Getting 1984; Yarom et al.
1985). In some of these cases a voltage manifestation
of the early outward-going rectification was a delay in
the off-break of an induced hyperpolarizing pulse. A
similar delay is not conspicuous in most neostriatal
neurons. Aside from the variability on voltage-
sensitivity, threshold, etc. which has been demon-
strated between excitable cells (Dolly 1988; Rudy
1988), this showed us that a unique protocol of
stimulation is not enough to reveal the voltage
manifestation of a given “ubiquitous” conductance in
different neurons.

In conclusion, in physiological conditions the
firing latency of neostriatal neurons seems to be
determined mainly by the interplay of at least two
opposed conductances. The firing latency would
depend on how fast the slowly rising depolarization
reaches threshold level (Fig. 2). A slow TTX-sensi-
tive, Co**-resistant conductance may be an impor-
tant inward-going component during the slowly rising
depolarization (Galarraga et al. 1985; Calabresi et al.
1987a). This component would bring the neuron
toward threshold level. At the beginning of the
response, an carly activated, 4-AP sensitive, TEA-
resistant component seems to be a main source for
the outward-going rectification. This outward com-
ponent would tend to slow the process of reaching
firing threshold. If somehow the outward component
is reduced, the contribution of the inward component
increases and manifests itself as a “hump” with a
faster rise (Figs. 4B and 6C). Alternatively, if the
inward component is reduced, the contribution of the
outward component increases and manifests itself as
a hyperpolarizing concave trajectory that retards the
process (Fig. 4E). A similar arrangement of mem-
brane voltage events was reported in a mainly
voltage-clamp work of cultured hippocampal neurons
where it was shown that the outward current mod-
ulating the early part of the voltage response was due
to an I, type of current and that later parts of this
response were due to TEA and Cd*" sensitive
components (see: Fig. 22 of Segal and Barker 1984).
Therefore, the voltage trajectory before firing, and
probably between spikes, would be evenly shaped by
the participation of these conductances acting at
similar voltage range. In neostriatal neurons too, the
participation of other conductances at later times
during the response is likely to occur (Galarraga et
al. 1989). Indeed, when TEA was added the latency
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was not affected but the voltage trajectory toward
firing did not remain smooth (Fig. SBC). Oscillatory
properties of the system of opposed conductances
were revealed.

Recently, it has been proposed that the A-current
would also shape the action potential configuration
by participating in the repolarization (Belluzzi et.
1985; Storm 1987; Belluzzi and Sacchi 1988). As low
concentration of 4-AP broadenend the spike and
favored the appearance of an afterdepolarization in
neostriatal neurons (Fig. 6B), it is likely that this
type of conductance influences firing behavior in this
way too.

The results presented here would suggest that, if
an early type of potassium current is present in
neostriatal neurons, any transmitter that affects it
(Strong 1984; Aghajanian 1985; Nakajima et al.
1986) would also modify the firing pattern, the
latency, the threshold and therefore, the firing
characteristics of neostriatal neurons.
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