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The ionic mechanism underlying the acetylcholine-induced de- 
polarization of layer V pyramidal neurons of rat prefrontal cortex 
was examined using whole-cell recording in in vitro rat brain 
slices. Consistent with previous results, pressure application of 
acetylcholine to layer V pyramidal neurons elicited a strong 
depolarization. Pharmacological analysis of this response indi- 
cated that it was mediated by the stimulation of muscarinic 
receptors as it was mimicked by muscarinic agonists, but not 
by nicotine, and was blocked by atropine. 

The inward current responsible for the depolarization re- 
sulted from the activation of a voltage-dependent, cation non- 
selective current. Thus, the amplitude of the current was criti- 
cally dependent on extracellular sodium concentration but not 
on extracellular potassium or chloride concentration. Examina- 
tion of the I-V relationship for the muscarinic current using 
voltage clamp revealed that the current reversed near - 15 mV 
and exhibited a strong voltage dependence, turning off rapidly 

in the subthreshold range. The voltage dependence of the 
current led to the appearance of a current associated with a 
conductance decrease when examined using steady-state 
voltage- or current-clamp measurements. This might have led 
to earlier misidentification of this response as mediated by a 
decrease in potassium conductance. 

These results question the traditional interpretation that mus- 
carinic depolarization in cortex is mediated by a decrease in 
potassium conductance. They indicate that the fundamental 
mechanism responsible for muscarinic depolarization in pre- 
frontal cortex involves the activation of a voltage-dependent, 
cation nonselective current. This current might represent a 
previously unsuspected mechanism capable of mediating slow 
depolarization in the central nervous system. 
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The cerebral cortex receives a dense cholinergic innervation that 
is thought to regulate neuronal excitability and participate in the 
regulation of memory and learning (McKinney and Coyle, 1991). 
Previous studies aimed at elucidating the cellular and molecular 
mechanisms by which acetylcholine regulates neuronal excitability 
have focused predominantly on sensorimotor cortices (Krnjevic et 
al., 1971; McCormick and Prince, 1985, 1986; Schwindt et al., 
1988; Constanti and Bagetta, 1991) and the hippocampus (Be- 
nardo and Prince, 1982; Halliwell and Adams, 1982; Madison et 
al., 1987; Benson et al., 1988). In these regions acetylcholine has 
been suggested to act on muscarinic-cholinergic receptors to 
increase membrane excitability by inhibiting potassium currents. 
Three main potassium currents have been postulated to partici- 
pate in this response: a calcium-activated potassium current re- 
sponsible for the afterhyperpolarization seen in these cells under 
control conditions; a voltage-independent “leak” potassium cur- 
rent; and the M-current, a voltage-dependent potassium current. 
The inhibition of the last of these has been suggested to account 
for the surprising observation that acetylcholine excites cortical 
neurons much more effectively near threshold than at their resting 
potential (ffrench-Mullen et al., 1983; McCormick and Prince, 
1986; McCormick and Williamson, 1989). 

Received Oct. 19, 1995; revised March 18, 1996; accepted March 21, 1996. 
This research was supported by MH49355 and the Alfred P. Sloan Foundation. We 

thank Dr. T. Egan for helpful suggestions and discussion and Dr. C. L. A&en for 
reading this manuscript. 

Correspondence should be addressed to Dr. Samir Haj-Dahmane, Department of 
Psychiatry and Behavioral Neuroscience, Wayne State University School of Medi- 
cine, 2309 Scott Hall, 540 East Canfield, Detroit, MI 48201. 
Copyright 0 1996 Society for Neuroscience 0270-6474/96/163848-14$05.00/O 

We have previously reported that cholinergic stimulation of rat 
prefrontal cortex results in a large increase in membrane excit- 
ability (Andrade, 1991). An important component of this response 
is a membrane depolarization similar to that seen in the hip- 
pocampus (Madison et al., 1987) or other regions of cerebral 
cortex (Krnjevic et al., 1971; McCormick and Prince, 1985). How- 
ever, our attempts, conducted over a period of two years, to prove 
conclusively that this depolarization was mediated by a decrease 
in potassium conductance proved unsuccessful. This led us to 
reexamine the view that the muscarinic depolarization in cerebral 
cortex is mediated via a decrease in potassium conductance. The 
results of these experiments are presented here. A preliminary 
account of this work has been published previously (Haj- 
Dahmane and Andrade, 1994). 

MATERIALS AND METHODS 
Preparation ofthe brain slices. Brain slices containing the medial prefron- 
tal cortex (Krettek and Price, 1977) were prepared as previously de- 
scribed (Andrade, 1991). Briefly, adult male albino rats (200-250 gm) 
were anesthetized with halothane and killed by decapitation. The brain 
was quickly removed and cooled in ice-cold Ringer of standard compo- 
sition (in mM: NaCl 319, KC1 2.5, MgSO, 1.3, CaC& 2.5, NaHZPO, 1.0, 
NaHCO, 26.2, and glucose 11) continuously bubbled with 95% 0,/5% 
CO,. The anterior forebrain containing the medial prefrontal cortex was 
then isolated, affixed to a stage with cyanoacrylate glue, and sectioned 
into 400 pm (nominal thickness) slices using a vibratome (Lancer series 
1000, Ted Pella, Irvine, CA). The resulting slices were then transferred to 
an interface-type recovery chamber filled with a moist atmosphere of 95% 
0,/5% CO,, where they were allowed to recover for at least 1 hr at room 
temperature. After this period of recovery, slices were transferred one at 
a time to a recording chamber (Nicoll and Alger, 1981). In this chamber, 
the slices were submerged between two nylon nets and continuously 
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perfused (3-4 ml/min) with normal Ringer saturated with 95% 0,/5% 
CO, at 30 5 1°C. 

Electrophysiological recordings. Whole-cell recordings were obtained 
from 225 layer V pyramidal neurons of the prelimbic and anterior 
cingulate subdivisions of the medial prefrontal cortex using the blind 
tight-seal recordings technique (Blanton et al., 1989). The recording 
pipettes were pulled from 1.2 mm (outer diameter) borosilicate glass 
(Glass Company of America, Bargaintown, NJ) using a Flaming-Brown- 
type horizontal puller (model PCBOIPC, Sutter Instruments, Novato, CA). 
For the initial experiments aimed at characterizing the carbachol-induced 
current, pipettes were filled with a solution containing (in mtvr): KMeSO, 
125, NaCl 5, MgCI, 1, HEPES 10, EGTA 0.02, ATP 2, and GTP 0.5. 
Because the carbachol-induced inward current proved insensitive to the 
buffering of intracellular calcium (see below), subsequent experiments 
were conducted using 10 mM EGTA/l mM CaCI, in the pipette. The 
free-calcium concentration under these conditions was estimated to be 10 
nM. In some experiments, 10 mM BAPTA was substituted for the EGTA, 
as described in the text. The pH of these solutions was adjusted to 7.3-7.4 
with KOH. This brought the intracellular potassium concentration to 
-135 mM. When filled with these intracellular solutions, electrode resis- 
tance ranged from 4 to 7 MfI. Access resistances measured using the 
bridge compensation circuit of the amplifier wcrc considerably higher and 
generally ranged from 8 to 25 Ma. The osmolarity of the internal 
solutions was adjusted to -5 mOsm/l lower than the osmolarity of 
standard Ringer, using the appropriate salts. Perforated-patch recordings 
were obtained essentially as described by Korn and Horn (1989). Briefly, 
the tip of the electrode was tilled with control solution and backfilled with 
the same solution containing 100 pg/ml nystatin or amphotericin B. After 
seal formation, the antibiotic perforated the mcmbranc, allowing fol 
recording the cell-membrane potential as well as limited current injcc- 
tion. In our hands, access resistances using this proccdurc gcncrally 
exceeded 40 Mb]. 

In experiments aimed at examining the voltage sensitivity of the 
muscarine-induced inward current, it was necessary to isolate this current 
as much as possible within the limitation of the slice preparation. This was 
accomplished by using cesium gluconate-based intracellular solution of 
standard composition (in mM: Cs-gluconate 140, NaCl 5, MgCl, 2, CaCI, 
1, HEPES 10, EGTA 10, ATP 2, and GTP 0.5, pH, 7.3-7.4). In addition, 
cesium (2 mrvt) and barium (100 wM) were also added to the bath to block 
inwardly rectifying currents, which are prominent in these cells. Finally, 
calcium-activated currents were further suppressed by the addition of 
cadmium (100 FM) to the bath. 

Electrical signals were amplified with an Axoclamp 2A amplifier (Axon 
Instruments, Foster City, CA). The membrane potential and electrode 
current were recorded on-line using a paper chart recorder (model 3200, 
Gould Instruments, Valley View, OH), whereas triggered events, such as 
ramps, were digitized using an Intel-based 80x86 computer equipped with 
a 12 bit A/D converter under the control of pClamp 5.5 software (Axon 
Instruments). Most voltage-clamp experiments were conducted using the 
single-electrode discontinuous voltage-clamp technique. The headstage 
output was continuously monitored on an oscilloscope, and the switching 
frequency (generally 3-6 kHz) and gain (generally 0.3-1.0 nA/mV) were 
adjusted to allow complete decay of the voltage transients between cycles. 
This procedure was preferred to the continuous single-electrode voltage- 
clamp mode because, although it was associated with higher noise, it 
allowed for better compensation (and continuous monitoring) of series 
resistance. All voltage-clamp experiments were conducted in solution 
containing tetrodotoxin (TTX; I FM). In a few experiments, O.l-0.5% 
neurobiotin was included in the recording solution to allow for cell 
identification. At the end of the experiment, slices were fixed in 4% 
paraformaldehyde in 0.15% sodium phosphate buffer and processed 
using the avidin-biotin horseradish peroxidase histochemical technique 
essentially as implemented by Foehring et al. (1991) except that slices 
were prepared as whole mounts. 

Quasi-steady-state current-voltage relationships were obtained by ap- 
plying a slow depolarizing potential ramp at a speed of 5 mV/sec. In some 
experiments, the I-Vcurvcs were determined using 500.msec-long hyper- 
polarizing steps from -40 mV to between -120 and -40 mV. These 
experiments were conducted in continuous voltage-clamp mode to reduce 
noise. They wcrc also conducted at room temperature to slow down the 
voltage-dependent inactivation of the current. Series resistance was com- 
pensated up to 70%, and the settling time of the current after a hyper- 
polarizing step (10 mV) was optimized generally to 15 msec. The data 
were plotted and analyzed using Origin software (Microcal Software Inc., 
Northampton, MA). The net carbachol-induced current was obtained by 

subtracting the control I-V relationship from that obtained in the pres- 
ence of carbachol. The values of membrane potential were corrected for 
the liquid junction potential that was present between the pipette solution 
and the bath solution (approximately +5 mV). 

In most experiments, drugs were applied by superfusion dissolved in 
the Ringer at known concentrations. In some experiments, acetylcholine 
was applied to the vicinity of the cell by pressure ejection. In these 
experiments, a patch pipette containing 100 mM acctylcholine was placed 
immediately above the slice and the cell of interest, and acetylcholine was 
ejected by a brief pressure pulse (25-100 msec). To test the possible 
involvement of nicotinic receptors in the depolarizing response, nicotine 
was applied as a microdrop (3-7 ~1, 10 mM) directly to the bath. This 
procedure has been shown to activate effectively nicotinic receptors in a 
comparable slice preparation (see below). The low sodium Ringer was 
prepared by substituting 119 mM N-methyl-o-glucamine for a comparable 
concentration of sodium chloride; the pH was adjusted to 7.4 with HCI. 
The low chloride Ringer was prepared by substituting sodium chloride 
with sodium isethionate. When high potassium solution was used, KCI 
was added to the normal extracellular solution. The osmolarity of these 
solutions was 285-290 mOsm/l. 

Most drugs used in this study were obtained from Sigma (St. Louis, 
MO), except for TTX from Calbiochem (La Jolla, CA) and 6,7- 
dinitroquinoxaline-2,3-dionc (DNQX) from Tocris Neuramin (Bristol, 
UK). Baclofcn was a kind gift from Ciba-Geigy Corporation (Summit. 
NJ). Numerical data are presented as mean + SEM. Statistical compar- 
isons used Student’s paired or unpaired two-tailed I test or ANOVA; ,> < 
0.05 was considcrcd to bc statistically significant. 

RESULTS 

Whole-cell recordings were obtained from 225 layer V pyramidal 
cells from the dorsal anterior cingulate and prelimbic subdivisions 
of the rat medial prefrontal cortex (Krettek and Price, 1977). In 

agreement with previous studies elsewhere in cortex (Connors et 
al., 1982; McCormick et al., 1985; Connors and Gutnick, 1990; 
Foehring et al., 1991) neurons in this region could be subdivided 
into broad classes according to their electrophysiological proper- 
ties and firing pattern. The vast majority of cells encountered in 
this study could be classified on the basis of their electrophysio- 
logical properties as regular spiking cells (McCormick et al., 1985; 
Connors and Gutnick, 1990). No bursting neurons were encoun- 
tered in these recordings, in accordance with previous studies in 
association cortex (Foehring et al., 1991). On a few occasions, 
recordings were obtained from fast-spiking presumed GABAergic 
(GABA,) interneurons (McCormick et al., 198.5); these cells were 
not studied further. 

Previous studies have established that regular-spiking cells cor- 
respond to morphologically identified pyramidal cells (Connors et 
al., 1982; McCormick et al., 1985; Connors and Gutnick, 1990; 
Foehring et al., 1991). To examine whether this correspondence 
also held for prefrontal cortex, cells were recorded using an 
intracellular solution containing neurobiotin and processed for 
HRP histochemistry. All of the cells with these electrophysiolog- 
ical properties recovered from layer V (II = 7) could be classified 
as pyramidal neurons. Therefore, in the remaining sections of this 
report, regular-spiking cells are referred to as pyramidal neurons. 

Effects of acetylcholine on membrane potential 

Pressure application of acetylcholine to layer V pyramidal neu- 
rons resulted in a strong depolarization of the resting membrane 
potential (Fig. L4; rz = 21). This effect was mimicked by bath 
application of muscarine (30 FM; n = 8; data not shown) or 
oxotremorine (30 FM, 5 of 7 cells tested; data not shown) and 
blocked by atropine (300 nM to 1 PM; n = 5; Fig. 1B). To 
determine whether nicotinic receptors could contribute to this 

depolarization, we examined the effects of fast bath applications 
of nicotine. No evidence for nicotinic receptor-mediated depolar- 
ization in pyramidal cells could be detected using this procedure 
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A 

Figure 1. Acetylcholine depolarizes layer V 
pyramidal neurons of rat medial prefrontal 
cortex. A, Top trace, Pressure application of 
acetylcholine depolarized this neuron and trig- 
gered a period of sustained spiking activity. 
Bottom trace, Two minutes after recovery, a 
second application of acetylcholine induced a 
comparable effect. B, After bath administra- 
tion of 100 nM atrooine, the acetvlcholine re- 

B In atropine 

sponse was almost completely inhibited. These 
recordings were obtained using potassium -70 mV y 
methylsulfate-based intracellular solution con- 
taining 20 pM EGTA. 

(n = 6; data not shown), although the microdrop application 
technique was highly effective in activating neuronal nicotinic (n 
= 2) receptors in the chicken brain slice containing nucleus 
spiriforms lateralis, which expresses high levels of nicotinic recep- 
tors (Sorenson and Chiappinelli, 1990). 

Because acetylcholine is rapidly degraded when applied to the 
slice, it is not practical to use it for routine bath applications. 
Therefore, for the rest of this study, we used its stable analog, 
carbachol. As illustrated in Figure 2, like acetylcholine, carbachol 
elicited a depolarization. This depolarization was concentration- 
dependent with threshold responses in the low micromolar range. 
Carbachol concentrations in the 30-300 PM range produced ro- 
bust depolarizing responses that generally, but not always, 
reached spike threshold and initiated spiking activity (Fig. 2). The 
sensitivity to carbachol was the same whether measured using 
sharp microelectrode (Andrade, 1991) whole-cell, or perforated- 
patch recordings (Fig. 2). As previously seen for acetylcholine, 
atropine (100 nM to 1 PM) completely blocked the carbachol- 
induced depolarization (n = 5), and this antagonism could be 
surmounted by increasing the carbachol concentration. 

Cholinergic stimulation could depolarize these cells through a 
direct effect or indirectly through the release of other neurotrans- 
mitters. The ability of carbachol to elicit a depolarization was 
preserved in the presence of TTX (n > 100; Fig. 3A), indicating 
that the depolarization was not mediated by an action potential- 
dependent release of neurotransmitters. It was also preserved in 
the presence of the calcium channel blocker cadmium (100 PM; n 

= 6) which blocks synaptic transmission. Finally, it was not 
blocked by the ionotropic glutamate receptor antagonist DNQX 
at concentrations that blocked excitatory synaptic responses (n = 
3). These results argued for a direct effect of acetylcholine on 
layer V pyramidal neurons. 

Muscarinic receptor activation in central neurons has been 
reported to produce large increases in intracellular calcium 
(Reynolds and Miller, 1989; Yuste and Katz, 1991). Therefore, we 
examined whether changes in intracellular calcium concentration 
were required for the carbachol-induced depolarization. First, 
recordings were obtained by using an intracellular solution with 
low calcium-buffering capacity (20 PM EGTA). Under this condi- 
tion, bath administration of carbachol (30 PM in the presence of 
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Figwe 2. Carbachol elicits a concentration-dependent depolarization of resting membrane potential of the cell. Current-clamp recording of the 
pyramidal neuron was obtained using the nystatin perforated-path recording technique. Bath administration of carbachol result4 in a concentration- 
dependent depolarization. In this and the subsequent figures, the bar above the tr-ace indicates the period of the carbachol application, 

TTX) resulted in a depolarization averaging 6.8 t 2.5 mV (n = 
11). Increasing the calcium-buffering capacity of the intracellular 
solution resulted in a significant reduction of the calcium- 
activated after hyperpolarization potential (from 2.3 5 0.5 to 0.8 
? 0.3 mV; p < 0.05; n = 6) indicating effective buffering of 
calcium transients. However, no change was observed on the 
carbachol-induced depolarization (p > 0.5, one-way ANOVA). 
The depolarization elicited by 30 PM carbachol averaged 6.8 t 2.5 
mV (n = 11) when 20 PM EGTA was introduced into the record- 
ing solution and 6.8 -+ 1.0 mV (n = 6) when 10 mM EGTA was 
used. Because these results indicated that a rise in intracellular 
calcium was not required to elicit the carbachol depolarization, 
most subsequent experiments were conducted using 10 mM EGTA 
in the intracellular solution to minimize the impact of calcium- 
activated currents on the analysis of the carbachol response. 

Under voltage-clamp conditions, superfusion with carbachol 
(3-100 pM) elicited an inward current in the vast majority (>90%) 
of cells studied (n = 117). The mean current elicited by 30 FM 

carbachol applied to cells clamped at -65 mV was -119 -C 6.2 
pA. As previously observed for current-clamp responses, the onset 
of the current was slow, taking close to 1 min to peak, and 
reversed slowly over lo-15 min after removal of the carbachol 
from the bath (Fig. 3BI). No consistent evidence for rundown or 
desensitization of the current was observed after repeated appli- 
cations of carbachol (lo-30 PM) in the time frame tested (up to 1 
hr after whole-cell access). 

Properties of the carbachol-induced inward current 
Previous studies in a variety of preparations (Krjevic et al., 1971; 
Madison et al., 1987; Benson et al., 1988), including cortical 
neurons in primary culture (Jones and Baughman, 1992) have 
reported that muscarinic receptors can elicit a membrane depo- 
larization by inhibiting a voltage-independent “leak” potassium 
conductance. This suggested that a similar mechanism could be 
responsible for the muscarinic depolarization observed in prefron- 
tal cortex. A variety of traditional manipulations gave results 
consistent with this possibility. For example, the depolarization 
was associated with an apparent increase in input resistance (Fig. 
3A; n = 7), an effect often interpreted as a decrease in resting K’ 
conductance. Moreover, the carbachol-induced current could be 
seen to depend on the membrane potential of the cell, declining 
in amplitude as the voltage was shifted toward E, (Fig. 3B2; II = 

X8). Finally, barium (Fig. 3C; II = 14) and tetraethylammonium 
(TEA; n = 5) two often-used potassium channel blockers, in- 
creased the input resistance and significantly reduced the 

carbachol-induced current. These observations seemed to suggest 
that the depolarization induced by carbachol was related to a 
reduction of a potassium conductance. 

To characterize the mechanism underlying this inward current, 
Z-V curves were constructed for the carbachol-induced current. 
As illustrated in Figure 4, A and B, the current induced by 
carbachol depended on the membrane potential, increasing 
sharply at potentials more positive than -65 mV (Fig. 4). Below 
this potential, the carbachol-induced current diminished approx- 
imately linearly toward the predicted equilibrium potential for 
potassium (- 104 mV). Surprisingly, in most cells studied (66 of 88 
cells tested), the carbachol-induced current did not reverse at E, 
but persisted as an inward current even at potentials lo-20 mV 
negative to the predicted equilibrium potential for potassium (Fig. 
4A; n = 66). In a smaller proportion of cells (22 of the 88 cells 
tested), the carbachol-induced current did reverse polarity at 
-101 ? 2.9 mV, a value close to the equilibrium potential for K-’ 
(Fig. 4B). However, this reversal of the current at hyperpolarized 
potentials could only be observed after the first application of 
carbachol. Subsequent applications produced currents that re- 
mained inward even below E,. Despite this, the inward current 
recorded near the resting membrane potential was not signifi- 
cantly changed from the first to the second application, suggesting 
that most of the effect of carbachol is mediated by an inward 
current that does not reverse at E,. 

This failure to obtain a reversal of the carbachol current could 
simply reflect poor voltage control of the dendritic arbor, a pos- 
sible site for the actions of carbachol. To minimize this problem, 
Z-V curves were constructed for the inward current elicited by 
pressure application of acetylcholine localized to the immediate 
vicinity of the recording electrode. This procedure should result in 
an inward current spatially restricted to areas of the cell that were 
well clamped, presumably the soma and proximal dendrites. How- 
ever, despite these precautions, no reversal of the acetylcholine 
inward current was found in four cells tested. This failure to 
obtain a consistent reversal of the muscarinic inward current 
contrasted with the unambiguous reversals obtained when the 
potassium current activated by baclofen was studied. In four cells 
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Figure 3. The carbachol-induced depolarization behaves as if mediated by a decrease in potassium conductance when it is examined using a variety of 
traditional electrophysiological tests. A, Recording from a pyramidal neuron in current-clamp mode. Hyperpolarizing current pulses (140 ms, 0.2 nA) were 
applied periodically to monitor the input resistance. Administration of carbachol (30 pM) in the presence of TTX (1 pM) to this cell elicited a membrane 
depolarization associated with an apparent increase in membrane resistance. Bl, Carbachol administration (30 pM) induced an inward current in a 
different pyramidal neuron voltage-clamped at -65 mV in the presence of ‘ITX (1 PM). B2, Current-voltage (Z-v) relationship obtained using a voltage 
ramp from - 120 to -30 mV taken before (0) and during the superfusion with carbachol (0) from the cell illustrated in Bl (holding current = 0.16 nA). 
C, Carbachol-induced current in a different neuron voltage-clamped at -65 mV (holding current = 0.11 nA). Superfusion with barium (2 mM) induced 
an inward shift of the holding current and a reduction of the amplitude of the carbachol-induced current. 

tested, the outward current elicited by bath-applied baclofen (30 
PM) consistently reversed at -104 ? 2.3 mV, a value not signif- 
icantly different from the predicted equilibrium potential for 
potassium (data not shown). 

Ionic mechanism 

A possible explanation for the lack of reversal of the inward 
current would be that muscarinic receptors inhibit voltage- 
dependent potassium channels. To test this possibility, we deter- 
mined the effect of ion substitutions on the amplitude of the 
inward current. 

In an initial set of experiments, we examined the effects of 
raising extracellular potassium concentration on the amplitude of 
the carbachol-induced inward current. First, extracellular potas- 
sium was raised to 5 mM, a manipulation that should shift E, by 
-18 mV and reduce the driving force for potassium almost by 
half. This manipulation resulted in only a slight reduction of the 
carbachol inward current (control = 100 2 5.0 pA; 5 mM K,’ = 80 
? 5.1 pA; V,, = -65 mV; n = 3; p > 0.05). Increasing the 
extracellular potassium concentration to 10 mM still failed to 
reduce significantly the carbachol-induced inward current (control 
= 136 2 20 pA; 10 mM K,: = 110 +- 20 pA; y1 = 3; V,, = -65 mV; 

p > 0.05), although the driving force for potassium under these 
conditions was almost eliminated. Experiments using higher ex- 
tracellular concentrations of potassium were not attempted be- 
cause of the large increase in conductance observed. 

If carbachol elicited an inward current by reducing a potassium 
conductance, then carbachol should be without effect on cells that 
were voltage-clamped at E,. This prediction was tested by exam- 
ining the effects of carbachol in 6 mM extracellular potassium, 
which shifts E, into a voltage range where robust carbachol 
responses were seen under control conditions. As illustrated in 
Figure 5, carbachol still induced an inward current (n = 5) when 
cells were held at E,. Even more striking, carbachol was still able 
to elicit inward currents when tested at potentials negative to E,, 
at which point the baclofen-induced potassium current was 
reversed. 

In contrast to the results with extracellular potassium substitu- 
tion, the carbachol-induced current was found to depend critically 
on the extracellular concentration of sodium (Fig. 6). Thus, re- 
placement of 80% of the extracellular sodium with N-methyl-D- 
glucamine elicited a reversible reduction in the amplitude of the 
carbachol current (control = 138 -t- 12 pA; low sodium = 36 +- 5.1 
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pA;p < 0.001; n = 5). No change in the cell membrane resistance 
was observed with the sodium substitution, suggesting that the 
reduction in the carbachol current was not secondary to the loss of 
voltage control of the dendritic arbor. 

The above results suggested that the carbachol-induced inward 
current was mediated by an increase in sodium (or cation) con- 
ductance. This conclusion would appear at odds with the obser- 
vation that the muscarinic depolarization is associated with an 
apparent increase in membrane resistance. These anomalous re- 
sults are not peculiar to prefrontal cortex and have been observed 
in previous studies elsewhere (Benson et al., 1988; Shen and 
North, 1992a,b; Stevens et al., 1994), where they have been 
interpreted as resulting from a simultaneous increase in cation 
and decrease in potassium conductance. However, these results 
could also be explained if the inward current was mediated by the 
activation of voltage-dependent cation current. Therefore, the 
remaining experiments in this study were devoted to distinguish- 
ing among these possibilities. 

We first examined the possible voltage dependence of the 
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Figure 4. The inward current caused by carbachol fails 
to reverse polarity even at potentials more negative than 
E, in the majority of cells studied. A, In most cells 
studied, the net carbachol current failed to reverse at E,. 
B, In a small proportion of cells, the net carbachol 
current reversed near E,. The holding current for the 
cell illustrated in A was 0.15 nA and in B was 0.12 nA. 

muscarine-induced inward current. To facilitate these studies, the 
inward current was isolated by recording with a cesium gluconate- 
based intracellular solution in the presence of cesium (2 mM), 
barium (100 PM), and cadmium 100 pM to block inwardly recti- 
fying and calcium-activated currents, respectively. Under these 
conditions, carbachol was still capable of inducing a robust inward 
current while holding at -40 mV (Fig. 7A). Hyperpolarizing steps 
to between -120 and -60 mV revealed that the muscarinic 
inward current turned off within tens of milliseconds after hyper- 
polarization (Fig. 7B; n = 4), indicating a strong voltage depen- 
dence for the current. No fast-inactivating inward current was 
seen after recovery from carbachol. This indicated that the fast 
turn-off of the inward current observed at hyperpolarization was 
not simply an artifact of the substraction procedure used to isolate 
the net carbachol current. The effect of this voltage dependence 
on the appearance of the current is most vividly seen when the 
instantaneous and steady-state Z-I, relationships are compared. 
As illustrated in Figure 7C, the instantaneous I-I/ relationship is 
approximately linear, decreases with depolarization, and has an 
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Figure 5. Carbachol elicits an inward cur- 
rent at E, as well as below E,. A, The left 
trace illustrates the inward current induced 
by carbachol (30 FM), and the right truce 
shows the outward current elicited by bac- 
lofen (30 PM) in a cell held at -65 mV in 
the control condition (2.5 mM potassium) 
and in the presence of ‘ITX (1 PM). B, 
Carbachol-induced currents (left traces) 
and baclofen-induced currents (right truces) 
recorded at different holding potentials 
(-65, -75, and ~85 mV) in 6 IIIM potas- 
sium and 1 pM TTX. Note that carbachol 
still induced an inward current even at po- 
tentials more negative than E,. C, Recov- 
ery of carbachol and baclofen currents in 
2.5 mM potassium. All of the traces repre- 
sented in A, B, and C are from the same 
cell. The holding current at ~6.5 mV in 2.5 
mM potassium was 0.07 nA at the begin- 
ning of the experiment and 0.06 nA after 
recovery from 6 IIIM potassium. In 6 mM 
extracellular potassium, the holding cur- 
rent at ~65 mV was 0.04 nA, at -75 mV 
was -0.17 nA, and at -85 mV was 
-0.27 nA. 
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extrapolated reversal potential well-depolarized from rest, as ex- 
pected for a current mediated by an increase in sodium (or cation) 
permeability. In contrast, the steady-state Z-I/ curve shows a 
current that increases with depolarization and appears to be 
associated with a decrease in membrane conductance. From these 
results, it is clear that the apparent increase in membrane resis- 
tance associated with the muscarinic depolarization and inward 
current is the direct result of the voltage dependence of the 
underlying current. 

If the carbachol-induced inward current is mediated by an 
increase in cation conductance, then it should reverse near 0 mV. 
We determined the reversal potential of the carbachol-induced 
current by using a slow linear voltage ramp from -80 to + 10 mV. 
As illustrated in Figure 8, the amplitude of the carbachol current 
exhibited characteristics consistent with its voltage dependence 

and reversed polarity at approximately -15 mV (Fig. 8; II = 4). 
The value of the reversal potential, as determined within the 
technical limitation of the brain slices technique, was more neg- 
ative than would be expected for a pure sodium current. This 
suggested that potassium ions could play a role in the generation 
of the muscarinic inward current. 

A contribution by potassium could take either of two forms. 
The carbachol inward current might reflect the opening of cation 
nonselective channels through which potassium might flow in the 
outward direction. Alternatively, the carbachol inward current 
could be heterogeneous, involving a component mediated by a 
decrease in potassium conductance. Two sets of experiments were 
conducted to distinguish between these possibilities. If a decrease 
in potassium conductance made a significant contribution to the 
carbachol current, then intracellular cesium loading, which blocks 
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Figure 6. The carbachol current is dependent on the extracellular concentration of sodium. A, Effect of reducing extracellular sodium on the amplitude 
of the carbachol-induced current on a cell clamped at -65 mV (holding current = 0.17 nA) in the presence of TTX (1 FM). The left trace illustrates the 
carbachol response in control sodium (146 mM), the middle truce illustrates the response to carbachol observed in low sodium (26 mM), and the right truce 
illustrates the recovery. Dushed lines indicate the baseline current. B, Z-V curves of the carbachol current recorded under control conditions (a), in 26 rnM 
sodium (b), and recovery (c) from the same neuron illustrated in A. C, Summary plot of the amplitude of the carbachol-induced current recorded under 
control conditions (solid bar) and in 26 mM sodium (open bar). Error bars illustrate the SEM from five different determinations. **p < 0.01 versus control. 

a wide range of potassium channels, should reduce the effect of 
carbachol. This conjecture was tested by quantitatively comparing 
the effect of carbachol under control conditions and with a 
cesium-based intracellular solution. As illustrated in Figure 9, 
intracellular cesium loading failed to reduce the carbachol- 
induced current. Indeed, group comparisons indicated that the 
amplitude of the carbachol-induced current recorded using ce- 
sium as the predominant intracellular cation was essentially indis- 
tinguishable from that recorded using potassium (control = 113 t- 
5 pA; cesium gluconate = 113 + 12 pA; Fig. 9C; II = 6). In 
contrast, intracellular injection of cesium completely blocked the 
potassium conductance induced by baclofen (Fig. 9B,C; II = 3). 

These findings suggest that the carbachol-induced depolarization 
and inward current observed near rest are mediated predomi- 
nantly, if not exclusively, via the activation of a voltage-dependent 
cation current. 

A current mediated by an increase in a cation nonselective 
current should be increased by elevating extracellular potassium, 
whereas a current that is mediated at least partly by a decrease in 
potassium conductance should be reduced by this manipulation. 
Thus, these two mechanisms make qualitatively different predic- 
tions regarding the behavior of the current in high extracellular 

potassium. As stated above, the increase in the extracellular 
potassium had little or no effect on the amplitude of the 
carbachol-induced current at potentials close to the rest (-65 
mV). However, when we compared the 1-V curves for the 
carbachol-induced inward current under control conditions (2.5 
mM extracellular potassium) and in the presence of elevated (5 
mM) extracellular potassium, we found that the increase of the 
extracellular potassium changed the I-I/ curves of the carbachol 
current (Fig. 10; n = 5), with the carbachol current being en- 
hanced at hyperpolarized potentials. This enhancement was also 
evident when carbachol was administered repeatedly while hold- 
ing at progressively more hyperpolarized potentials (Fig. SB). 

These results are consistent with the prediction for a cation 
nonselective current. In addition, the carbachol Z-V curves were 
also found to cross between -60 and -70 mV, suggesting that the 
elevated potassium also decreased the carbachol current above 
this voltage (Fig. 1OC; IZ = 5). 

The above experiments did not address a possible contribution 
of chloride conductances to the carbachol-induced depolarization. 
To test for such a contribution, we examined the effect of chang- 
ing E,, on the carbachol-induced current. As illustrated in Figure 
lL4, reducing extracellular chloride from 126.5 to 7.5 mM (replac- 
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QWZ 7. Voltage dependence of muscarinic-activated inward current. A, Carbachol current recorded with cesium gluconate-based intracellular solution 
in the presence of cesium (2 mM), barium (100 /AM), cadmium (100 PM), and TTX (1 pM) at -40 mV. B, Hyperpolarizing voltage step commands from 
-40 to - 120 mV (protocol represented in upper right truces) were applied before and during carbachol application. B, Net carbachol current tracings were 
obtained by subtracting the currents obtained in control conditions from those obtained during carbachol application. The instantaneous muscarinic 
current increases in amplitude with hyperpolarization. However, the hyperpolarizing steps also resulted in a fast outward relaxation, reflecting the 
voltage-dependent turning-off of the muscarinic current. C, Comparison of the instantaneous and steady-state I-I/ curves for the carbachol-induced 
current obtained from the cell represented in A. The holding current at -40 mV was 0.05 nA. 

ing NaCl with sodium isethionate) failed to induce changes in 
either the polarity or the amplitude of carbachol-mediated cur- 
rent (control = 98 ? 21 pA; low chloride = 100 t 19 pA; n = 5). 
In contrast, lowering the extracellular concentration of chloride 
changed the polarity of chloride-mediated GABA, synaptic po- 
tential (Fig. llB>, which confirmed that the manipulation was 
effective in altering the chloride gradient across the cell 
membrane. 

Effects of barium and TEA 
Administration of barium or TEA was found to reduce strongly 
the amplitude of the carbachol-induced current. As illustrated in 
Figure 3C, bath application of 2-5 mM barium elicited a large 
inward current and significantly reduced the amplitude of the 
carbachol inward current (n = 14). For example, 2 mM barium 
inhibited the inward current elicited by 30 PM carbachol by 
approximately half (control = 115 -C 15 pA, in barium = 55 ? 2.9 
pA; n = 4;~ < 0.05). The traditional interpretation of such results 
would be that barium, by blocking potassium channels, effectively 
occludes the muscarinic response. As such, this interpretation 
would suggest that the carbachol inward current is mediated by a 

decrease in potassium conductance. Such an interpretation, how- 
ever, is at odds with the findings outlined above that indicate a 
predominant role for a cation nonselective current. One way out 
of this paradox would be if barium also blocked the cation non- 
selective current. This possibility was tested by assessing the effect 
of barium on the carbachol response near E, (at -55 mV in 10 
mM extracellular potassium), a condition in which most, if not all, 
of the carbachol current would be carried through cation nonse- 
lective channels. Under this condition, barium administration 
elicited a much-reduced inward current yet inhibited the carba- 
chol inward current as effectively as under control conditions 
(control = 143 + 8.8 pA, in barium = 73 ? 13 pA; IZ = 3). Bath 
administration of TEA (2 mM) also inhibited the carbachol inward 
current (Fig. 12; IZ = 5) although, unlike barium, it did so without 
by itself eliciting an inward current. 

DISCUSSION 
In rat prefrontal cortex, acetylcholine administration to layer V 
pyramidal cells results in a membrane depolarization. This re- 
sponse appears to be signaled exclusively via muscarinic receptors, 
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Figure 8. The carbacho-induced inward current rcvcrses polarity near - 15 mV.A, Current-voltage (I-I/) plots wcrc obtained using a linear voltage ramp 
from -80 to + 10 mV before and during carbachol application in a neuron rccordcd with a cesium gluconatc-hascd intracellular solution in the presence 
of cadmium (100 fi.M) and ‘ITX (1 KM). B, Net carbachol current obtained by subtracting the I-V plots rcprcscnted in A. The c~lrhachol-induced current 
reversed polarity at a mean potential of - 16 mV -C 2 mV (n = 4). 

as mimicked by muscarine and oxotremorine but not by nicotine, 
and is blocked by low concentrations of atropine. Activation of 
muscarinic receptors has long been thought to depolarize cortical 
neurons by inhibiting potassium channels (Krnjevic et al., 1971; 
ffrench-Mullen et al., 1983; McCormick and Prince, 1985, 1986). 
Surprisingly, we find that the depolarization observed in this 
region is mediated predominantly, if not exclusively, by the acti- 
vation of a voltage-dependent cation nonselective current. 

Several lines of evidence support this conclusion. In the major- 
ity of cells tested, the muscarinic receptor-induced inward current 
decreased with hyperpolarization but did not reverse polarity even 
at potentials more negative than the theoretical estimate E,. This 
failure to reverse the carbachol current contrasted the unambig- 
uous reversals of the baclof&-mediated potassium current at the 
predicted E,. Although it is easier to detect a clear inversion of a 
current associated with an increase in the membrane conduc- 
tance, it is unlikely that the absence of an inversion in the case of 
the carbachol-induced current reflects poor voltage control. In- 
deed, when space-clamping artifacts were minimized by using 
localized applications of acetylcholine to the immediate vicinity of 
the recording site, the inward current still failed to reverse. Con- 
sistent with these findings, carbachol was able to elicit an inward 
current even when the cell membrane was held at E, in high 
potassium. Furthermore, intracellular injection of cesium did not 
affect either the amplitude or the voltage sensitivity of the 
carbachol-induced current. These observations indicate that the 
muscarinic current is unlikely to be mediated solely by a decrease 
in a leak or voltage-dependent potassium current. 

The muscarinic inward current was greatly inhibited by lower- 
ing extracellular sodium. In contrast to sodium substitution, ex- 
tracellular chloride replacement had no effect on the muscarinic 
receptor-induced inward current. From these results, the 
muscarine-induced inward current could have resulted from the 
activation of a sodium or a cation nonselective current. To distin- 
guish between these possibilities, the reversal potential for 
carbachol-induced current was determined. Within the technical 
limitation imposed by the use of brain slices, the carbachol current 
was found to reverse polarity near - 15 mV, a value more negative 

than the predicted equilibrium potential for sodium ions under 
our conditions (+53 mV). This suggests that the carbachol- 
induced current was most likely attributable to the activation of a 
cation nonselective rather than a pure sodium current. ‘This was 
further confirmed by examining the effect of raising extracellular 
potassium on the amplitude of the carbachol current. Consistent 
with the activation of a cation nonselective current, the amplitude 
of the carbachol current was increased at potentials negative from 
rest. This effect, however, was somewhat larger than expected for 
a cation nonselective current. This suggests that other mecha- 
nisms might also contribute to the enhancement of the current in 
elevated extracellular potassium. Nevertheless, combined, these 
results argue for the activation of a cation nonselective current. 

In -25% of the cells examined, the carbachol-induced inward 
current reversed near E,. This suggests that in some cells a 
decrease in potassium conductance could contribute to the car- 
bachol depolarization. Alternatively, other ionic mechanisms, 
such as a negative shift in the voltage dependence of I,,, could also 
account for the observed reversal. Unfortunately, the inability to 
obtain repeated reversals of the current under our experimental 
conditions did not allow us to address this issue. Thus, it remains 
possible that a small decrease in potassium conductance could 
contribute to the muscarinic depolarization seen in this region. 
Such a mixed ionic mechanism has been proposed previously to 
account for receptor-mediated inward current in other neuronal 
preparations (Shen and North, 1992a,b). 

Receptor-mediated increases in cation nonselective currents 
have been reported in a variety of preparations (Benham, 198.5; 
Freschi and Livengood, 1989; Inoue and Isenberg, 1990b; Shen 
and North, 1992a; Sims, 1992; Colino and Halliwell, 1993; Trim- 
mer, 1994). In some preparations, these currents show clear 
voltage sensitivity (Benham, 1985; Freschi and Livengood, 1989; 
Inoue and Isenberg, 1990b; Inoue and Kuriyama, 1991), whereas 
in others they appear to be voltage-insensitive (Shen and North, 
1992a,b; Colino and Halliwell, 1993). The cation nonselective 
current studied here is strongly voltage-dependent, increasing 
with depolarization and decreasing with hyperpolarization from 
rest. The technical limitations inherent to voltage-clamping neu- 
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Figure 9. The carbachol-induced current 
is not reduced by intracellular injection of 
cesium. A, Carbachol- and baclofen- 
induced currents were recorded using a 
potassium methylsulfate-based intracellu- 
lar solution in the presence of TTX (1 
PM). The lefi truce illustrates the inward 
current caused by carbachol (30 pM) at a 
holding potential of -65 mV. The r@t 
trace illustrates the outward current elic- 
ited by baclofen (30 FM) in the same cell 
(holding current = 0.11 nA). B, 
Carbachol-induced (left trace) and 
baclofen-induced (right trace) currents 
were recorded using a ccsium gluconate- 
based intracellular solution. Intracellular 
injection of cesium failed to reduce the 
carbachol current but suppressed,the out- 
ward current elicited by baclofen. The 
holding current for this cell was -0.08 
nA. C, Summary plot comparing the ab- 
solute amplitude of the carbachol- and 
baclofen-induced currents recorded using 
potassium methylsulfate-based (solid bar; 
n = 6) or cesium gluconate-based (open 
bar; n = 6) intracellular solutions. Error 
bun illustrate the SEM determined for 
each group. **p < 0.01 versus control. 
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rons in brain slices made it impractical to attempt a quantitative 
characterization of the voltage dependence of this current. How- 
ever, within these limitations, it was possible to show that carba- 
chol caused an increase in chord conductance at the same time 
that it induced a decrease in slope conductance at or near the 
resting membrane potential. This explains the apparent increase 
in membrane resistance brought about by carbachol. To our 
knowledge, this is the first report of a muscarinic receptors- 
activated voltage-dependent cation current in the brain. However, 
a voltage-dependent cation current with properties remarkably 
similar to those observed here has been shown to mediate mus- 
carinic response in guinea pig ileum (Inoue and Isenberg, 1990b). 

Surprisingly, barium and TEA were found to inhibit the mus- 
carinic inward current. Because both of these compounds are 
potassium channel blockers, on the surface this finding would 

l- -l 

seem to contradict the conclusion that the muscarinic inward 
current reflects predominantly the activation of a cation nonse- 
lective current. However, barium still inhibited the inward current 
when holding near E, in elevated potassium. This suggests that 
barium reduced the muscarinic inward current by directly inhib- 
iting the cation nonselective current. Similarly, TEA also inhibited 
the muscarinic inward current. However, in this case the inhibi- 
tion occurred in the absence of a TEA-induced inward current. 
This observation indicates that TEA must block channels that 
open in response to muscarinic stimulation; if the inward current 
were mediated via the closure of potassium channels, TEA, by 
blocking the channels itself, would have to induce an inward 
current. The ability of TEA to block muscarinic receptors is 
unlikely to have contributed to the blockade of the current, 
because the TEA concentration used here was lo- to IOO-fold 
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Figure 10. Effect of elevated extracellular potassium on the I-V curves for the carbachol-induced inward current. A, Control and carbachol I-V 
relationships obtained in the presence of 2.5 mM extracellular potassium. B, Control and carbachol I-V relationships obtained in the presence of 5 rnM 
extracellular potassium. C, I-V relationship for the net carbachol current observed in the presence of 2.5 and 5 mM extracellular potassium (holding 
current = 0.06 nA). 

lower than the Ki of TEA for muscarinic receptors (Caulfield, 
1991). The present observation that TEA and barium can block a 
cation nonselective current is consistent with recent observations 
elsewhere in neuronal (Shen and North, 1992a,b) and non- 
neuronal cells (Inoue and Kuriyama, 1991). 

Previous studies on receptor-activated cation nonselective cur- 
rents have shown that some (Inoue and Isenberg, 1990a; Pacaud 
and Bolton, 1991; Sims, 1992), but not all (Shen and North, 
1992a,b; Colino and Halliwell, 1993) of these currents are regu- 
lated by calcium. The cation nonselective current studied here 
clearly is not calcium-activated, as it can be seen in the presence 
of strong intracellular calcium buffering. However, in smooth 
muscle cells, the muscarinic-activated cation nonselective current, 
although not directly activated by calcium, is nevertheless modu- 
lated by the intracellular levels of this cation (Inoue and Isenberg, 
1990a). It remains possible that a similar enhancement by calcium 
of the cation nonselective current might be present in cortical 
neurons. 

The present conclusion that the muscarinic depolarization in 
these cells is not mediated by a decrease in potassium conduc- 
tance but by the activation of a voltage-dependent cation nonse- 
lective current is consistent with previous studies on muscarinic 
responses in smooth muscle (Benham, 1985; Inoue and Isenberg, 
1990b; Sims, 1992) and with the growing realization that cation 

nonselective currents also play an important role in mediating 
muscarinic responses in invertebrate (Freschi and Livengood, 
1989; Trimmer, 1994) and vertebrate (Shen and North, 1992a; 
Colino and Halliwell, 1993) neurons. Interestingly, in the rat 
prefrontal cortex, a variety of receptor subtypes such as musca- 
rinic cholinergic, a,-adrenergic, and serotonin type 2 induce an 
overlapping cluster of membrane responses, including the mem- 
brane depolarization studied here, a reduction of the afterhyper- 
polarization, and the appearance of a slow afterdepolarization 
(Andrade, 1991; Araneda and Andrade, 1991). We have previ- 
ously proposed that this cluster of effects might reflect conver- 
gence of receptors coupled to the inositol-phospholipid signaling 
mechanism on a shared set of cellular mechanisms and ion chan- 
nels (Araneda and Andrade, 1991). As such, the present results 
suggest that the cation nonselective current identified in this study 
might be the target for several other neurotransmitter receptors. 
Further studies will be required to test this prediction directly. 

What is remarkable about the cation nonselective current stud- 
ied here is its ability to mimic the behavior expected for a current 
resulting from a decrease in a resting potassium conductance 
when it is examined by using traditional electrophysiological tests. 
For example, its very steep voltage dependence around threshold 
secures that hyperpolarizing pulses delivered under current clamp 
would turn off the current. This causes a net outward current that 
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Figure II. The carbachol current is insensitive to changes in the chloride gradient. d, Carbachol-induced current recorded at a holding potential of -65 
mV in the presence of ‘M’X (1 PM), under control conditions (126.5 mM extracellular chloride, leff truce), in low extracellular chloride (7.5 IIIM, middle 

truce), and during recovery (right truce). Lowering the extracellular concentration of chloride failed to induce changes in either the polarity or the 
amplitude of the carbachol current. B, Inhibitory postsynaptic potential evoked by stimulation of layer III (25-30 V for 500 psec) in the presence of 
DNQX (10 FM) and APV (10 FM) in control conditions and in low chloride. Chloride substitution induced a change in the polarity of GABA, synaptic 
potential, indicating that this manipulation was effective in altering the chloride gradient across the cell membrane (holding current = 0.11 nA). 
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Figure 12. TEA inhibits the carbachol current without by itself eliciting an inward current. Administration of carbachol (30 pM) in the presence of TTX 
(1 ~,LM) elicited an inward current in a cell clamped at -65 mV. Bath administration of TEA (2 mM) after recovery from the carbachol failed to induce 
any inward current. However, a second application of carbachol in the presence of TEA elicited a greatly reduced inward current. Partial recovery of the 
carbachol current was observed after removal of the TEA from the bath (holding current = 0.17 nA). 

adds to the hyperpolarizing pulse, in turn causing a larger voltage 
defection and, thus, the appearance of an increase in membrane 
resistance. Moreover, the sensitivity to barium and TEA suggests 

the involvement of potassium channels. Finally, the voltage de- 
pendence of the current mimics the behavior expected for a 

potassium current at potentials positive to E,. The initial clue that 
potassium channels might not be involved, namely the failure of 
the current to reverse at E,, is easy to dismiss. Indeed, in this 
study, it was only the systematic exploration of the properties of 
the current that led us to question the interpretation that the 
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current reflected a reduction in potassium conductance. It is 
noteworthy that neurotransmitter receptor-induced inward cur- 
rents with voltage-dependent and pharmacological characteristics 
similar to those outlined above, but that generally fail to reverse 
at E,, have been reported frequently in the literature (Benson et 
al., 1988; Pan et al., 1994; Stevens et al., 1994). Such currents 
generally have been attributed to the closure of voltage- 
dependent potassium channels. It is possible that at least a pro- 
portion of these currents might be mediated by voltage-dependent 
cation nonselective current similar or identical to that reported 
here. Thus, it is also possible that the voltage-dependent cation 
‘nonselective current identified here may play an important role in 
mediating neurotransmitter actions in the brain. 
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