
Pfltigers Arch (1994) 427:317-324 E/i   fin Journal 
of Physiology 
�9 Springer-Verlag 1994 

Evidence for two types of potassium current 
in rat choroid plexus epithelial cells 
Tohru Kotera*, Peter D. Brown 

Department of Physiological Sciences, University of Manchester, Manchester M13 9PT, UK 

Received October 6, 1993/Received after revision December 13, 1993/Accepted January 3, 1994 

Abstract. The whole-cell patch-clamp technique was 
applied to rat choroid plexus epithelial cells. The resting 
membrane potential was -53  mV. The whole-cell con- 
ductance was mainly K + selective, and the K + current 
observed appeared to contain two distinct components. 
Depolarizing voltage pulses (more positive than 0 mV) 
evoked time-dependent outward currents which re- 
sembled delayed-rectifying K + currents in other tissues. 
The current exhibited time-dependent activation and, at 
potentials more positive than 40 mV, slower time-depen- 
dent inactivation. The reversal potential measured by tail 
current analysis showed a shift of 43 mV for a tenfold 
increase in extracellular K + concentration ([K+]o). The 
current was reduced by extracellular 5 mM Ba 2+, 5 mM 
tetraethylammonium (TEA+), 5 mM Cs + and 1 mM 4- 
aminopyridine (4-AP). In contrast, hyperpolarizing volt- 
age pulses evoked time-independent, inward-rectifying 
currents. The reversal potential measured by voltage- 
ramp commands showed a shift of 42 mV for a tenfold 
increase in [K+]o. The chord conductance did not appear 
to increase with increasing [K+]o. The current was re- 
duced by extracellular 5 mM Ba 2+ and 0.5 mM Cs +, but 
not by 5 mM TEA + or 1 mM 4-AR These data suggest 
that two populations of K + channel contribute to the 
conductance of choroid plexus epithelial cells. 
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Introduction 

The epithelial cells of the choroid plexuses secrete most 
of the cerebrospinal fluid (CSF) into the ventricles of 
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the brain [1, 26]. Na + is thought to be pumped directly 
into the CSF by Na+-K+ATPase [26]. Recent patch- 
clamp experiments have identified anion channels in the 
apical membrane of the mammalian choroid plexus 
which may have a significant role in C1- and HCO3 
secretion into the CSF [1, 7, 10]. These observations 
have led to the proposal of a model for CSF secretion 
by the choroid plexus which explains the movements of 
Na +, C1- and HCO3 into the CSF [1]. The transport of 
K + ions across the choroid plexus epithelium, however, 
is only poorly understood. 

Unidirectional flux studies of the amphibian choroid 
plexus have shown that there is a net absorption of K + 
(CSF to plasma) across the epithelium [26]. Zeuthen and 
Wright [27] suggested, from data obtained in amphibian 
choroid plexus, that more than 90% of K + which is 
pumped into the cells across the apical membrane by 
Na+-K + ATPase is recycled through ion channels in the 
same membrane. However, some K + leaves the cells via 
ion channels in the basolateral membrane, and this ac- 
counts for the net absorptive flux. Regulating the activity 
of either population of channel (apical or basolateral) will 
cause changes in the rate of K + absorption, and this may 
help explain how the choroid plexus controls the K + con- 
centration in the CSF [12]. Single-channel patch-clamp 
studies have identified CaZ+-activated K + channels in the 
apical membrane of the Necturus choroid plexus epi- 
thelial cells [2, 4]. Whole-cell studies of the same cells, 
however, suggested that these channels may not make a 
significant contribution to the total K + conductance [20]. 

In the present study the whole-cell patch-clamp tech- 
nique has been used to characterize K + conductances in 
rat choroid plexus epithelial cells. Two distinct K + cur- 
rents are described: a time-dependent, outward-rectifying 
current, and a time-independent, inward-rectifying cur- 
rent. A preliminary account of some of this work has 
been published in abstract form [16]. 

Materials and methods 
Cell and tissue preparation. Adult Sprague-Dawley rats were killed 
by an overdose of diethyl ether and the choroid plexus 
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was removed from the fourth ventricle. The tissue was kept in 
an ice-cold 4-(2-hydroxyethyl)-l-piperazineethanesulphonlc acid 
(HEPES)-buffered saline and used within 2 - 3  h. Most experiments 
were performed on intact tissue, but isolated epithelial cells were 
used in some experiments. The isolated cells were prepared using 
the pronase digestion method previously described [24]. The tissue 
was incubated in Ca > -  and Mg2+-free Hank's buffer (Gibco), con- 
taining 0.3 mg/ml pronase (Boehringer Mannheim, Germany) and 
0.5 mg/ml DNase I (Sigma) for 10 rain at 37~ The pronase solu- 
tion was removed and the tissue was gently agitated in fresh buffer 
to liberate epithelial cells. The supematant was collected and the 
sediment was washed with fresh buffer. The pronase digestion pro- 
cedure was repeated twice, before the cells (single cells and small 
clusters) were collected and resuspended in the ice-cold HEPES- 
buffered saline. Cells were used within 2 h of isolation. 

Patch-clamp recording. A small piece of intact tissue was secured 
to the base of a small chamber (bath volume approx. 0.4 mi) with 
a stainless steel wire on the stage of an inverted microscope 
(Olympus 1MT-2, Japan) as previously described [7]. Isolated cells 
adhered to the glass bottom of the chamber. The bath was perfused 
with solution (gassed with 100% 02) at a rate of about 2.5 ml/min. 

Conventional whole-cell recording methods were employed 
throughout, after gigaohm seals had been obtained on the exposed 
apical (ventricular) membrane of cells in intact choroid plexus epi- 
thelium, or on the surface of isolated cells. The patch pipettes were 
made from haematocrit capillary tubes (Oxford Labware, USA) 
using a two-stage vertical puller (PB-7, Narishige, Japan). The tip 
resistance of the patch electrodes was 5 - 1 0  ME2 when filled with 
pipette solution (see below). Ag-AgC1 pellets were used both for 
the patch electrode and for the reference electrode. 

Membrane currents (voltage-clamp mode) and membrane po- 
tentials (current-clamp mode) were measured with an Axopatch- 
1D ampfifier (Axon Instruments, USA). Data were stored on video- 
tape with a VHS tape recorder (Akai, Japan) via a digital pulse 
code modulator (Sony PCM-701ES, Japan), and on the hard disk of 
a personal computer. Step-voltage pulses and voltage-ramps were 
generated by the computer using pClamp software (Axon Instru- 
ments) and a TL-1 interface (Axon Instruments). Membrane capaci- 
tance was estimated and compensated under voltage-clamp mode 
using the capacitance compensation circuit of the amplifier. Un- 
compensated series resistance was 6 -15  Mr2. The leak current 
component was not subtracted. 

Solutions. The composition of all the bath and pipette solutions 
used in this study is given in Table 1. Chemicals, such as potas- 
sium aspartate (K aspartate), sodium aspartate (Na aspartate), aden- 
osine 5'-triphosphate (Na2ATP), HEPES, ethylene glycol-bis(fi- 
aminoethyl ether)N,N,N;N'-tetraacetic acid (EGTA) and N- 
hydroxyethylethylenediaminetriacetic acid (HEDTA), were pur- 
chased from either Sigma or Merck. Intracellular Ca > activity 
([Ca2+]i) was estimated to be no more than 10 nM [21] in the con- 
trol, KC1 and K+-free pipette solutions. The high-Ca 2+ pipette solu- 
tion ([Ca>]~ = 500 nM [6]) was used to study the effect of [Ca2+]i 
on channel activity. In some experiments the following K + channel 
blockers were used: barium chloride 03a >)  (Merck), tetraethylam- 
monium chloride (TEA +) (Sigma), caesium chloride (Cs +) (Merck) 
and 4-aminopyridine (4-AP) (Sigma). These were all dissolved in 
the control bath solution. 

All experiments were performed at room temperature (19-  
23~ The data are expressed as the mean + SEM of n obser- 
vations. Significance (P) was determined by Student's t-test for 
unpaired data. 

Results 

Membrane capacitance 

The m e m b r a n e  capaci tance  o f  choroid  plexus  epi thel ia l  
cel ls  was measured  in intact  t issue and isola ted  ceils.  The  

Table 1. Composition of the bath and the pipette solutions 

Constituent Bath solutions (raM) 

Control 50 K + 145 K + K + free 

NaC1 140 95 145 
KC1 5 50 145 
CaClz 1 1 1 1 
MgC12 1 1 1 1 
HEPES 5 5 5 5 
pH was adjusted to 7.3 with NaOH or KOH (for the 145 K + solu- 
tion) 

Pipette solutions (raM) 

Control KC1 High Ca K free 

K aspartate 120 

KC1 20 140 46 a 

Na aspartate 120 

NaC1 20 

CaC12 7 

MgC12 2 2 2 

NazATP b 2 2 2 

EGTA 0.5 0.5 0.5 

HEDTA 42 

HEPES 5 5 5 5 

pH was adjusted to 7.2 with KOH or NaOH (for the K+-free solu- 
tion) 

Total K + concentration was approximately 150 mM with the ad- 
ded KOH 
b Na2ATP was omitted from the pipette solution in some experi- 
ments 
HEPES, 4-(2-hydroxyethyl)-l-piperazineethanesulphonic acid; 
NazATP, adenosine 5'-triphosphate, disodium salt; EGTA, ethylene 
glycol-bis-~-aminoethyl ether(N,N,N;N'-tetraacetic acid; HEDTA, 
N-hydroxyethylethylenediaminetraacetic acid 

value  obta ined  f rom intact  t issue was 54.5 _+ 1.2 p F  (n = 
45). In i sola ted  cells,  the capaci tance  was 51.6 _ 3.8 p F  
(n = 7) for single i sola ted  cells,  and 54.7 _+ 1.1 p F  (n = 
49) for cel ls  which  were  part  of  smal l  clusters. There  was 
no s ignif icant  difference be tween  these values  (P  > 0.5). 
These  results  suggest  that  there is li t t le cel l - to-cel l  electri-  
cal  coupl ing  be tween  adjacent  epi thel ia l  cel ls  o f  rat  cho- 
r t i d  plexus.  This hypothes is  is suppor ted  by  the electro-  
phys io log ica l  s tudy which  showed that there  is a low 
coupl ing coeff ic ient  in amphib ian  choroid  plexus  [22], 
and by  the fact that gap junc t ions  cannot  be observed  in 
rat choroid  plexus  [25]. I f  there is tittle ce l l - to-cel l  cou- 
pling, whole-ce l l  currents can be  measured  in intact  tis- 
sue. In this study, therefore,  mos t  exper iments  were  per-  
fo rmed  on intact  tissue. 

The surface area o f  a choro id  plexus epi thel ia l  cell  
was es t imated  f rom the capaci tance  measurements  to be 
about  5400 g m  2, using the genera l ly  accepted value  of  
1 gF /cmL This  value  is nine t imes  larger  than the value  
of  600 ~tm 2 which  can be  ca lcula ted  for a cuboid  cel l  
with a side length o f  10 g m  [14]. This difference in val-  
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Fig. 1. The effect of a change in extracellular K + concentration 
([K+]o) on the membrane potential (E~,). Em was monitored in cur- 
rent-clamp mode. The pipette contained the control (K aspartate) 
solution. Extracellular K + concentration ([K+]o) was increased 
from 5 mM to 50 mM as indicated by the bar. The trace is rep- 
resentative of four similar observations 

ues suggests that the microvilli on the apical membrane 
and infoldings at the basolateral membrane make a sub- 
stantial contribution to the surface area of the cell. 

Resting membrane potential  

Estimates of the membrane potential were made in the 
current-clamp mode 1 min after establishing the whole- 
cell configuration. The membrane potential was in the 
range of - 4 5  to - 6 4  mV with an average value of 
- 5 3  _+ 1 mV (n = 28) with the control (K aspartate) pi- 
pette solution. A similar value of - 5 4  + i mV (n = 12) 
was obtained using the KC1 pipette solution. The effect 
of the K + gradient on the membrane potential was stud- 
ied by changing extraceUular K + concentration ([K+]o) 
(Fig. 1). A tenfold increase in [K+]o (from 5 to 50 mM) 
caused a 45 mV depolarization (from - 5 3  to - 8  mV). 
This change was reversed upon returning to the control 
bath solution (Fig. 1). These results suggest that the 
plasma membrane of choroid plexus epithelial cells is 
highly permeable to K + at rest. 
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Fig. 2 A, B. Current profiles and current/voltage (1/V) relationship 
of the whole-cell current. A Current profiles. The holding potential 
(V~) was -60 mV, from which 1-s step-voltage pulses were ap- 
plied over the range from -120 to 60 mV at 20-mV increments. 
The zero-current level is indicated by the dashed line. B IIV re- 
lationship for the currents in A. Peak current amplitudes are plotted 
as a function of membrane potential 

Whole-cell currents 

Figure 2 A shows typical traces of whole-cell currents 
recorded in a choroid plexus epithelial cell. The holding 
potential (Vh) was - 6 0  mV (close to the resting mem- 
brane potential) and 1-s step-voltage pluses were applied 
over the range - 1 2 0  to 60 mV in 20-mV increments. 
Two types of currents were apparent. In the voltage range 
from - 1 2 0  to - 2 0  mV, the currents were time indepen- 
dent. In contrast, depolarizing voltage pulses (more posi- 
tive than 0 mV) evoked time-dependent outward cur- 
rents. The peak amplitude of these currents is plotted as 
a function of voltage in Fig. 2 B. This current/voltage (I! 
V) relationship exhibits both outward- and inward-rec- 
tifying components. The removal of ATP from the con- 
trol pipette solution did not effect either component. Out- 
ward- and inward-rectifying currents were observed in 
most cells, and both displayed a small amount of "run- 

down" during whole-cell recording (e. g. an approximate 
decrease of 10% of the maximum outward current over 
10 rain). The inward-rectifying current appeared more 
sensitive to "run-down",  and a few cells displayed only 
the outward-rectifying component, with hyperpolarizing 
pulses evoking small inward currents (data not shown). 

Both components of the whole-cell current were 
abolished when K + in the pipette and the bath solutions 
was replaced with Na +. Under these conditions, only 
small currents were observed in response to depolarizing 
or hyperpolarizing voltage pulses (Fig. 3). The inward- 
rectifying component was still apparent when only K + in 
the pipette solution was replaced with Na + (data not 
shown). These results indicate that most of the whole- 
cell current is carried by K + channels in choroid plexus 
epithelial cells { much of the remaining current is carried 
by C1 channels which can be stimulated transiently by 
guanosine-5'-O-(3-thiotriphosphate) (GTP[7-S]), cyclic 
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Fig. 3. Whole-cell current in the absence of K +. Both the bath 
and the pipette contained K+-free solutions in which K + had been 
replaced with Na + (see Table t). Vh was 0 mV, and 1-s voltage- 
step pulses were applied over the range of -100 mV to 80 mV at 
20-mV increments. The zero-current level is indicated by the 
dashed line 

adenosine monophosphate (cAMP) and protein ldnase A 
[17] }. These observations also suggest that at least two 
distinct populations of K + channel contribute to the 
whole-cell conductance. In the remainder of this paper 
the outward-rectifying and the inward-rectifying compo- 
nent of the K + current are characterized in greater detail. 

The time-dependent, outward-rectifying current 

In cells dialysed with the control pipette solution, time- 
dependent outward currents were observed in response 
to depolarizing voltage pulses (more positive than 0 mV) 
(Fig. 2 A). The slope conductance increased progres- 
sively as the voltage pulses became more positive (5.1 nS 
at - 2 0 m V ;  8.7nS at 2 0 m V ;  10.0nS at 60 m V ;  
Fig. 2 B). The currents also activated more quickly with 
larger depolarizations. However, at potentials more posi- 
tive than 40 mV, time-dependent inactivation of the cur- 
rent was observed after the initial period of activation 
(Fig. 2 A). 

To determine the reversal potential (Er~v) of the time- 
dependent outward-rectifying current, tail current analy- 
sis was performed uisng a double-pulse protocol. At 
5 mM [K+]o, the membrane potential was depolarized by 
the first step pulse (from a Vh of --60 mV to 60 mV for 
50ms),  and then tail currents were measured at 
various second step pulses (in the range from - 9 0  to 
- 3 0 m V  in 10-mV increments for 125 ms; Fig. 4A) .  
The I /V relationship for the tail currents reversed (Er~v) 
at - 6 0 . 6 _ + 0 . 8 m V  ( n = 7 ;  Fig. 4B) .  Erev was 
-17 .8  _+ 1 .3mV (n = 4) when measured at 50raM 
[K+]o using a similar pulse protocol (first step from a Vh 
of - 2 0  mV to 90 mV, second steps in the range of - 6 0  
to 0 mV). Thus, there was a 43 mV shift for a tenfold 
increase in [K+]o. These results suggest that the time- 
dependent, outward-rectifying current is largely K + 
selective. 

To study the pharmacology of the outward-rectifying 
current, the effects of several K § channel blockers were 
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Fig. 4 A, B. Tail current analysis of the outward-rectifying current. 
A Tail currents were measured using a double-pulse protocol. Vh 
was -60 mV, and the outward current was activated by 50-ms 
voltage pulses to 60 mV at intervals of 2 s. Tail currents were 
initiated by stepping to various negative potentials in the range 
of -90  to -30 mV and were measured at 10-mV increments for 
125 ms. The bath and the pipette contained control solutions. B 
Instantaneous I/V relationship for the tail currents in A. The results 
are representative of seven observations. 

investigated. Figure 5 shows superimposed current traces 
evoked by steps to 60 mV before (control), during (Ba, 
TEA, Cs) and after (recovery) the application of the 
blocker to the bath solution. Ba 2+ (5 raM) reduced the 
outward current by 59.2 _+ 4.3% (n = 5; Fig. 5 A). 
TEA + (5 mM) also reduced the current by 51.8 _+ 3.3% 
(n = 5; Fig. 5 B). Two other known K + channel block- 
ers, 5 mM Cs + (21.4 _+ 2.9% reduction, n = 5; Fig. 5 C) 
and 1 mM 4-AP (35.0 _+ 4.1% reduction, n = 4; not il- 
lustrated), caused a slight reduction of the outward-rec- 
tifying current. The apparent incomplete recovery fol- 
lowing block of both outward-rectifying and inward-rec- 
tifying currents may be in part due to channel "run- 
down".  

The Ca 2+ dependence of the outward-rectifying cur- 
rent was studied using pipette solutions with different 
[Ca2+]i. The maximum current amplitude at 60 mV was 
1160 _+ 56 pA (n = 17) when the pipette contained the 
control solution ([Ca2+]i -- 10 nM). When the high Ca 2+ 
pipette solution ([Ca2+]i = 500 nM) was used, no signifi- 
cant change was observed in either the current amplitude 
(1012 _+ 42 pA, n = 4, P > 0.06), or the current profile. 
These results suggest that the time-dependent, outward- 
rectifying K + current may be Ca 2+ independent. 
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Fig. 5 A-C. The effects of K + channel blockers on the outward- 
rectifying current. A Ba 2§ (5 raM); B tetraethylammonium (TEA, 
5 raM); C Cs + (5 mM). V, was -60  mV. Outward currents were 
measured during 1-s depolarizing voltage steps to 60 mV: before 
(control), during (Ba, TEA, Cs) and after (recovery) the application 
of the blocker to the bath. The results are representative of five 
similar observations for each blocker 

Time-independent, inward-rectifying current 

Time-independent currents were observed in most cells 
when the membrane potential was stepped to voltages 
more negative than - 2 0  mV (Fig. 2 A). These currents 
appeared to be almost instantaneous in onset. The slope 
conductance for the I/V relationship increased at voltages 
more negative than - 80 m V  (approx. the equilibrium po- 
tential of  K +, EK). The average slope conductance was 
4.7 ___ 0.2 nS at - 4 0  mV and 10.5 + 0.5 nS at - 1 0 0  mV 
(n = 10), which indicates inward rectification (Fig. 2 B). 

To investigate the selectivity of  the current for K +, 
the dependence of Erov on [K+]o was studied. Figure 6 A 
shows the instantaneous I/V relationships obtained at 
three different [K+]o in one cell, using voltage-ramp com- 
mands. Vh was - 6 0  mV, - 2 0  mV and 0 mV for 5 raM, 
50 mM and 145 mM [K+]o respectively, and voltage- 
ramp commands (from - 1 0 0  to +100  mV in 0.8 s) were 
applied. The I/V relationship shifted in the positive direc- 
tion with increasing [K+]o, as would be expected for K + 
currents (i. e. Erev becomes more positive as does EK). 
The chord conductance did not become larger with in- 
creasing [K+]o. Values for Erov obtained in four series of  
experiments were plotted as a function of [K+]o on a 
semilogarithmic scale (Fig. 6 B). The straight line fitted 
by linear regression analysis to these data gave a slope 
of 42 mV per decade change in [K+]o. These results sug- 
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Fig. 6 A, B. The effect of changes in [K+]o on the inward-rec- 
tifying current. A Instantaneous I/V relationships, at three different 
values of [K+]o, obtained by voltage-ramp commands in one cell. 
The cell was dialysed with a control pipette solution. The bath 
solution was initially a control solution (5 mM [K+]o). [K+]o was 
subsequently increased to 50 mM and then to 145 raM. Vh was 
-60  mV, -20  mV and 0mV for 5 raM, 50 mM and 145 mM 
[K+]o respectively. Voltage-ramp commands (from Vh -100 mV 
to V~ + 100 mV in 0.8 s) were applied at each [K+]o. Similar re- 
sults were obtained in three other cells. B The relationship between 
[K+]o and reversal potential (E~v) of the inward-rectifying current. 
Values of E, ov were measured from the instantaneous//V relation- 
ships (as shown in A) and plotted against [K+]o on a semiloga- 
rithmic scale. Four symbols (0, 5, A, -k) indicate results obtained 
from four cells. The straight line has a slope of 42 mV/tenfold 
change in [K+]o 

gest that the time-independent current is carried mainly 
by K+-selective channels. 

The effects of several K + channel blockers on the 
inward-rectifying current were investigated. Membrane 
currents at a hyperpolarizing voltage ( - 1 2 0  mV) were 
measured before (control), during (Ba, Cs) and after (re- 
covery) the application of the blocker to the bath solution. 
(Fig. 7 A, B). Ba 2+ (5 mM) inhibited the inward current 
by 80.2 + 3.4% (n = 5), while 0.1 mM Ba 2+ reduced the 
current by 39.8% (n = 3; data not shown). The inward- 
rectifying current was more sensitive to extracellular Cs + 
than the outward-rectifying current. Cs + (5 mM) caused 
a 60.0 + 3.6% (n = 3) reduction in the inward-rectifying 
current (Fig. 7 B). The inward-rectifying current was re- 
duced by 34.0 + 3.2% (n = 3) at 0.5 mM Cs + (lower 
traces in Fig. 7 C), while the outward-rectifying current 
(at 60 mV) was completely unaffected by 0.5 mM Cs + 
(upper traces in Fig. 7 C). TEA + (5 mM) and 4-AP 
(1 raM) had little effect on the inward-rectifying current 
(data not shown). 
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Fig. 7 A - C .  The effects of K + channel blockers on the inward- 
rectifying current. A Ba 2+ (5 raM); B Cs + (5 raM). V~, was 
- 6 0  inV. Inward currents were measured during l-s  hyperpolariz- 
ing voltage steps to - 1 2 0  mV before (control), during (Ba, 5Cs) 
and after (recovery) the application of the blocker to the bath. C 
Cs + (0.5 raM). V~ was - 6 0  mV. Inward currents (lower traces) 
and outward currents (upper traces) were measured during t s hy- 
perpolarizing (to - 1 2 0  mV) and depolarizing (to 60 mV) voltage 
steps, before (control) and during (0.5 Cs) the application of the 
blocker to the bath. The results are representative of five (A) or 
three (B, C) observations 

The Ca 2+ dependence of the time-independent cur- 
rent was studied in the same way as for the outward- 
rectifying current. Current amplitude at - 1 2 0 m V  
was unaffected by changes in [Ca2+]i (-< 10nM; 
-473 + 38 pA, n = 17, and at 500 nM; -447 _+ 47 pA, 
n = 3, P > 0.5). These results suggest that the time-in- 
dependent, inward-rectifying K + current may also be 
C a  2+ independent. 

Discussion 

K + conductance and membrane potential 

The electrophysiological characteristics of epithelial 
cells from the mammalian choroid plexus have not been 
previously studied in any great detail. This is probably 
because of the small size of these cells and the very 
delicate nature of the tissue. The resting membrane po- 
tential measured in whole-cell current-clamp mode in 
the present study was -53  mV. This value is in good 
agreement with -59  mV obtained by the similar method 
in Necturus choroid plexus [20]. Similar values of 
about - 5 0  mV have also been estimated from the I/V 
relationships for single K + channels in cell-attached 
patches in rat and mouse choroid plexus [1, 10]. It is 

also within the range of -45  mV [22, 27] to -88  mV 
[28], values which were obtained in amphibian tissues 
by conventional microelectrode methods. A tenfold in- 
crease in [K+]o caused a large depolarization (Fig. 1), 
indicating that the epithelial membrane of the choroid 
plexus is predominantly K + permeable. This is in agree- 
ment with a previous microelectrode study of amphibian 
choroid plexus [27]. 

In voltage-clamp experiments the whole-cell conduc- 
tance of the choroid plexus epithelial cells was also 
found to be predominantly K + selective. The whole-cell 
K + conductance appeared to be composed of two dis- 
tinct components, i.e. time-dependent, outward-rec- 
tifying currents and time-independent, inward-rectifying 
currents. These distinct components of the conductance 
are possibly carried by two different populations of K + 
channel. Further evidence for this hypothesis is dis- 
cussed below. 

The time-dependent, outward-rectifying K + current 

Depolarizing voltage pulses to potentials more positive 
than 0 mV evoked a voltage- and time-dependent out- 
ward current. The current appeared to activate more rap- 
idly when the membrane potential was more strongly 
depolarized. The current also showed slow inactivation 
at potentials more positive than 40 inV. Three lines of 
evidence strongly suggest that this current is carried 
mainly by K+: (1) the outward-rectifying current was 
not observed in the absence of K + in the pipette solution 
(Fig. 3); (2) Er~v was shifted by 43 mV for a tenfold in- 
crease in [K+]o; (3) the current was sensitive to K + 
channel blockers, such as Ba 2+, TEA + and 4-AP (Fig. 5). 

In some respects the outward-rectifying current de- 
scribed resembles the Ca2+-dependent K + currents 
which have been identified in Necturus choroid plexus 
[20]. These currents are thought to be carried by "maxi" 
Ca2+-activated K + channels which have also been identi- 
fied in amphibian choroid plexus [2, 4]. However, the 
outward-rectifying current in the present study appeared 
to be independent of [Ca2+]i, and Ca2+-activated K + 
channels have not been observed in single-channel stud- 
ies of the mammalian choroid plexus [1, 10]. Thus, the 
time-dependent outward current in the mammalian cho- 
roid plexus appears to be different from that in the am- 
phibian choroid plexus. Instead it is more like the de- 
layed rectifying K + currents which have been described 
in several non-excitable cells, e.g. human T lympho- 
cytes [3], rat Leydig cells [5] and frog retinal pigment 
epithelial cells [9]. Each of these currents show voltage 
and time dependence of activation (and inactivation), 
and blocker specificity which are analogous to those 
shown in the present study. 

The time-independent, inward-rectifying K + current 

Time-independent, inward-rectifying currents were also 
observed in most cells (Fig. 2). The evidence for the K + 
selectivity of these currents was similar to that for the 
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outward-rectifying K + current: (1) the inward-rectifying 
current was not observed in the absence of extracellular 
K + (Fig. 3); (2) Erev was shifted to 42 mV by a tenfold 
increase in [K+]o (Fig. 6); (3) the current was sensitive 
to K + channel blockers (Ba 2+ and Cs+; Fig. 7). The in- 
ward-rectifying current was distinct, however, from the 
outward-rectifying current in a number of respects. The 
most noticeable difference was that the current was al- 
most instantaneous in onset and did not exhibit time- 
dependent activation or inactivation (Fig. 2 A). It also 
exhibited inward-rectification with the slope conduc- 
tance increasing at potentials more negative than EK 
(Fig. 2 B). A third difference was that the pharmacologi- 
cal properties of  the two currents differed. The inward- 
rectifying current was insensitive to TEA + and 4-AP, but 
was sensitive to 0.1 mM Ba 2+ and to Cs + at concen- 
trations as low as 0.5 mM (Fig. 7). Taken together these 
data strongly suggest that two separate populations of 
K + channel are present in the mar~unalian choroid plexus 
epithelial cell. 

Inward-rectifying K + currents have recently been 
identified in several non-excitable cells, e. g. frog distal 
tubule cells [11], guinea-pig parietal cells [18], frog reti- 
nal pigment epithelial cells [9], and sheep parotid acinar 
cells [13]. The inward-rectifying K + currents in these 
ceils and the choroid plexus share some of the character- 
istics of the classical inward rectifiers found in frog skel- 
etal muscle [19] and starfish eggs [8]. There are, how- 
ever, two distinct differences between the current de- 
scribed here and the classical inward rectifiers. First, the 
degree of inward rectification was not so steep as in the 
classical inward rectifiers, so that a significant outward 
current was observed near the resting membrane poten- 
tial (Fig. 2 B). 

Second, the chord conductance did not increase 
when [K+]o was increased (Fig. 6 A). The chord conduc- 
tance of the inward-rectifying K + current in frog retinal 
pigment epithelium [9] is also independent of [K+]o, but 
the reason for this independence remains. This phenom- 
enon will probably not be understood in the choroid 
plexus without many additional studies, including 
experiments on the single-channel basis of the inward- 
rectifying K + current. 

The outward-rectifying K + current is unlikely to 
have a significant physiological role, because the thresh- 
old of activation of the current was more positive than 
- 2 0  mV (Fig. 2 A), which is considerably depolarized 
from the resting membrane potential. A similar con- 
clusion has been reached for outward-rectifying K + cur- 
rents in other non-excitable cells [15]. However, it is 
conceivable that the outward-rectifying K + current may 
be activated to prevent the membrane potential becom- 
ing too depolarized when the cell is depolarized with 
secretagogues, e. g. activation of anion conductances by 
cAMP may cause a depolarization of the apical mem- 
brane potential [17]. A simlar role was envisaged for the 
Ca2+-dependent K + currents in amphibian choroid 
plexus [20]. 

The inward-rectifying K + currents, on the other 
hand, may have a more significant role in choroid plexus 
epithelial cells. The inward rectification is not complete, 
so that a substantial outward current can be observed at 
potentials around the resting membrane potential (ap- 
prox. 50 mV) (Fig. 2 B). These currents could therefore 
make a significant contribution to the resting conduc- 
tance of the cell, and may be fundamental in establishing 
the resting potential of the cell I (which is essential for 
the secretion of anions [1, 7]). Furthermore, Zeuthen and 
Wright [27] have suggested that as much as 90% of K + 
pumped into the cell by Na+-K + ATPase in the apical 
membrane leaves the cell via ion channels in the same 
membrane. If the channels carrying the inward-rec- 
tifying K + current are located in the apical membrane, 
they might function as an important apical K + efflux 
pathway, and could contribute to K + homeostasis in the 
cell and CSE Studying the regulation of the inward-rec- 
tifying K + current may therefore lead to a better under- 
standing of K + homeostasis in CSE 
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