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Abstract 

In current-clamp recordings with KMeSO 4 electrodes (either whole-cell or intracellular), though tolbutamide (0.5-1 mM) did not 
change the resting potential, it increased both input resistance (by 12 + 3.8%) and spontaneous firing, and spikes were evoked by smaller 
depolarizing pulses. Tolbutamide reduced in a dose-dependent manner both components of post-burst afterhyperpolarizations: IC50 was 
0.15 mM for medium afterhyperpolarizations and 0.33 mM for slow afterhyperpolarizations. In whole-cell recordings under voltage-clamp, 
0.5-1 mM tolbutamide depressed slow outward currents by 65 + 5.3%. The tolbutamide-sensitive current was Ca2+-dependent - 
tolbutamide being ineffective in Mn 2÷, low CaZ+-containing medium - though tolbutamide did not significantly depress high 
voltage-activated Ca 2+ currents. Tolbutamide reduced C-type outward currents by 45 ___ 5.9% and M-type current inward relaxations by 
41 +__ 12.9%, as well as Q-type current inward relaxations by 22 ± 5.7%. Glyburide (10 /~M) did not depress afterhyperpolarizations or 
outward currents, even in recordings with electrodes containing 1 mM guanosine diphosphate. We conclude that the most prominent 
effects of 0.5-1 mM toibutamide on CAI neurons are caused by suppression of Ca 2÷- and voltage-dependent outward currents, including 
IAHP' IC and 1 M. 

Ke?words: Sulfonylurea; Afterhyperpolarization; K + channel, Ca2+-dependent 

1. Introduction 

The sulphonylureas  to lbutamide and glyburide  
(glibenclamide) are well-known as blockers of  ATP-sensi- 
tive K + channels (KAT P) (Henquin and Meissner, 1982; 
DeWeille and Lazdunski, 1990; Ashford et al., 1990; 
Ashcroft and Ashcroft, 1992). Because of its very low 
affinity for the sulphonylurea receptor ( >  1000-fold less 
than that of  glyburide), in most tissues, including heart and 
brain, tolbutamide is typically applied in concentrations 
near 1 mM. 

Like most drugs, tolbutamide is by no means a wholly 
selective agent: it is known that at concentrations of  = 1 
mM, it inhibits cyclic AMP-mediated activation of protein 
kinase A in some gland cells (Brown et al., 1972; Kanamori  
et al., 1976); potentiates glycolysis in cardiac muscle 
(Kramer et al., 1983); suppresses a G-protein-activated 
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C1- current in chromaffin cells (Doroshenko et al., 1991), 
as well as the cyclic AMP/ATP-ac t iva ted  C I -  and A T P -  
currents mediated by the cystic fibrosis transmembrane 
conductance regulator (Sheppard and Welsh, 1994; 
Schwiebert et al., 1995). According to a recent study on 
hippocampal slices (Cr6pel et al., 1993), both tolbutamide 
and glyburide depress the voltage-dependent D-type K + 
current (Storm, 1990). 

Whether KAT e channels are of  functional significance 
in hippocampal neurons is still not certain. Although gly- 
buride-binding sites are plentiful (Mourre et al., 1989; 
Tremblay et al., 1991) - both on presynaptic terminals and 
post-synaptic cells (Mourre et al., 1991) - this does not 
necessarily indicate the presence of KAT e channels, in 
view of strong evidence that the relevant K + channels and 
sulphonylurea receptors are separate molecules (Ashford et 
al., 1994; Aguilar-Bryan et al., 1995; Inagaki et al., 1995). 
In any case, if functional KAT e channels are indeed pres- 
ent, they are probably situated on presynaptic terminals - 
where they appear to diminish glutamate release during 
hypoxia (Mourre et al., 1989; Ben-Aft and Lazdunski, 
1989; Ben-Ari, 1990) - rather than on post-synaptic cells. 
In isolated patches from comparable cortical cells, the 
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incidence of KAT p channels is extremely low (Ashford et 
al., 1990). 

The unexpected finding (Godfraind and Krnjevir, 1993) 
that tolbutamide blocks anoxic hyperpolarizations of CA 1 
neurons (Hansen et al., 1982; Kmjevir, 1993) suggested 
that anoxic depletion of cellular ATP drives this hyper- 
polarization by opening KAT p channels. Because of the 
lack of any comparable effect of glyburide, Godfraind and 
Krnjevi6 (1993) concluded that if hypoxia indeed activates 
such channels in hippocampal cells, they must be of a 
non-classical type - perhaps being similar to some ATP- 
sensitive channels of hypothalamic glucoceptive neurons, 
whose unusual characteristics include susceptibility to 
block by tolbutamide but not glyburide (Ashford et al., 
1990). However, other evidence (Kmjevi~ and Xu, 1989; 
Kmjevir, 1993; Erdemli and Kmjevir, 1994a) suggests 
that anoxia activates a carbachol-sensitive Ca2+-activated 
or Ca2+-sensitive K ÷ conductance, such as IAnp (Lancas- 
ter and Adams, 1986; Storm, 1990) or I M (Yu et al., 
1994). 

We therefore wondered whether tolbutamide may not 
also block IAnp or I M of CA1 neurons, as this could 
explain why it suppresses the anoxic hyperpolarization. 
Both tolbutamide and glyburide were therefore tested on 
the afterhyperpolarizations evoked by bursts of spikes (in 
current-clamp) and on voltage-activated currents (during 
voltage-clamp), using whole-cell patch or intracellular 
recording. Preliminary reports of some of the results have 
appeared (Erdemli and Krnjevir, 1994b; Kmjevi6 et al., 
1994; Esplin et al., 1995). 

2. Materials and methods 

The brain was removed from young Sprague-Dawley 
rats (100-150 g) fully anaesthetized with halothane. The 
hippocampus was dissected out in ice-cold oxygenated 
saline, and 400 /zm transverse slices were cut with a 
Mcllwain tissue chopper (The Mickle Laboratory 
Gomshall, UK) or a Vibroslice (Campden Instruments, 
Loughborough, UK). They were kept for at least 1 h, at 
room temperature, in the standard artificial cerebrospinal 
fluid (ACSF), containing the following (in mM): 124 
NaCI, 3.0 KCI, 2.0 CaCi 2, 2.0 MgC12, 1.25 NaH2PO 4, 26 
NaHCO 3, and 10 glucose, aerated with carbogen (95% 02 
and 5% CO 2) to give a pH of 7.3. 

Before the start of electrical recording, a slice was 
transferred to a Haas-type interface chamber (Medical 
Systems, Greenvale, NY, USA), where its upper surface 
was either directly ventilated by humidified carbogen - for 
conventional intracellular recordings - or submerged un- 
der 0.1-0.2 mm of flowing ACSF - for whole-cell patch 
electrode recordings. Both the ACSF and the aerating gas 
were warmed to 33 ___ 0.5°C. The 'sharp' microelectrodes, 
filled with either 3 M KC1 or 2 M K methyl sulphate 
(KMeSO4), had a resistance of 60-120 MO. The patch 

electrodes (with 2.5-3 /zm tips) were pulled from thin 
wall borosilicate glass (1.5 mm o.d., WP Instruments, New 
Haven, CT, USA). The standard filling solution contained 
150 mM KMeSO 4 and 10 mM N-2-hydroxyethylpipera- 
zine-N'-2-ethanesulfonic acid (Hepes). When afterhyperpo- 
larizations were studied, K2-ATP (2 mM) was added to the 
internal solution to prevent rundown - but not Mg 2+, to 
avoid a possible blockage of the relevant K ÷ channels 
(Lancaster et al., 1991; Zhang et al., 1994). For recordings 
of outward currents, the internal solution contained K 2 ATP 
and MgCI2 (both 1 raM). In some cases, to enhance any 
KAfp-like currents, 1 mM guanosine diphosphate was sub- 
stituted for ATP (Erdemli and Krnjevir, 1994c). The pH 
was always adjusted to 7.2 with KOH. The osmolality of 
the internal solutions (measured with a Precision Systems 
osmometer (Natick, MA, USA) was in the range 287-300 
mosm kg -1. The patch electrodes initially had resistances 
of 2-3 M~2; during whole-cell recordings, obtained in 
'blind' insertions into the stratum pyramidale, the series 
resistance of useful electrodes remained below 15 M g2. 

All recordings were done with an Axoclamp 2 amplifier 
(Axon Instruments, Burlingame, CA, USA), either in the 
current-clamp mode or the discontinuous single-electrode 
voltage-clamp mode, as a rule operating at a cycling 
frequency of 3 kHz, a gain of 25 nA/mV, and with the 
bandwidth upper limit set at 300 Hz; the usual precautions 
were taken to optimize the performance of the clamp 
circuit and electrode. 

In current-clamp mode, the input resistance (R N) of 
cells at resting potential (V m) was monitored by injecting 
pulses of hyperpolarizing current (200 ms, 0.1-0.2 nA) 
and measuring the peak voltage responses. To activate 
afterhyperpolarizations, spike trains were evoked by 200 
ms depolarizing pulses. Under voltage-clamp, the base-line 
holding current ( I  n) was kept to a minimum by keeping 
the holding potential (V.)  near the resting level (=  - 5 5  
mV). Voltage-dependent currents were elicited with 500 
ms depolarizing and hyperpolarizing pulses. Both initial 
('instantaneous') and final ('steady state') values of cur- 
rents were measured. The input conductance (G N) was 
calculated by fitting first-order regressions to the linear 
portion of 'instantaneous' current-voltage plots, in the 
region negative to V n. 

Whenever necessary, Ca+-dependent currents were sup- 
pressed by phosphate-free ACSF containing 0.4 mM 
CaC12, 2.3 mM MnCI 2 and 11 mM NaHCO 3 (Mn2+/low 
Ca 2+ ACSF). To avoid rundown, Ca2+-currents were 
recorded intracellularly - with 3 M CsCI electrodes - 
from slices in low Ca 2÷ (0.5 mM) and phosphate-free 
ACSF, containing 1.5 mM BaC12, 10 mM tetraethyl- 
ammonium, 2 mM CsC1, and 1 /zM tetrodotoxin 
(Quinhuangdao Trading, China). 

In all experiments, indirect effects of neurotransmitters 
were minimized by adding kynurenic acid (1 mM), and 
bicuculline (10-20 txM) or picrotoxin (50 /zM). The 
following drugs were applied in the superfusate: 0.05-1 
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mM tolbutamide (Research Biochemical and Sigma), from 
a 100 mM stock solution in 150 mM NaOH; and 10 /xM 
glyburide (Hoechst), from a 10 mM stock solution in 
dimethyl sulphoxide (ICN Biomedicals, Aurora, OH, 
USA). Any possible effects of solvents for glyburide and 
tolbutamide were controlled by ensuring that all super- 
fusates contained the same amount of dimethyl sulphoxide 
(0.10%) or NaOH (as appropriate). Most chemicals were 
purchased from Sigma (St Louis, MO, USA) - except 
where indicated. 

Means + S.E.M. are given throughout and their signifi- 
cance assessed by Student's t-test. 

3. Results 

3.1. Current-clamp whole-cell recordings 

3.1.1. Effects of tolbutamide on resting membrane proper- 
ties 

In nine cells, with a mean input resistance (R N) of 
113 _+ 9.5 MO and a resting potential (V m) of - 5 4  + 3.1 
mV, tolbutamide (0.5-1 mM) increased R N by 12 _+ 3.8% 
(for n = 9, P < 0.025), without changing V m ( - 0 . 1 0  _+ 
0.82 mV). In eight of these nine cells, the amount of 
current required to evoke 6-7  spikes decreased (Fig. 1A, 
inset); overall, the current was reduced by 56 ___ 11.6% (for 
n---9, P < 0.005). In six cells, 'spontaneous' firing ap- 
peared. 

3.1.2. Effects of tolbutamide on afterhyperpoIarizations 
In hippocampal cells, spike bursts are followed by an 

afterhyperpolarization having two components, both K + 
channel-mediated (Storm, 1990): an early, medium after- 
hyperpolarization and a much longer-lasting slow afterhy- 
perpolarization. They are generated by different K + cur- 
rents: the medium afterhyperpolarization by the voltage- 
and Ca2+-dependent I c, as well as the voltage-dependent 
(but Ca2+-sensitive) IM; and the slow afterhyperpolariza- 
tion by the purely CaZ+-dependent /An P. Thus, both are 
initiated mainly by Ca 2 + influx during action potentials. In 
whole-cell recordings, such afterhyperpolarizations were 
consistently depressed by tolbutamide. 

Of the anions commonly used for electrode-filling solu- 
tions, only methylsulphate permits stable recording of slow 
afterhyperpolarizations in CAI neurons (Zhang et al., 
1994). Therefore all our patch electrodes contained 
KMeSO 4. Spike trains were evoked by 200 ms depolariz- 
ing pulses of several intensities; medium afterhyperpolar- 
izations were measured at the early peak and slow afterhy- 
perpolarizations at 1 s after the end of the depolarizing 
pulse. The amplitudes of afterhyperpolarizations increased 
with the number of spikes in a train. In most cases, the 
relationship was approximately linear and could be fitted 
by very significant regressions, as illustrated by the plots 
in Fig. 1A: the control values of slopes were 1.3 _+ 0.08 
mV/spike ( r  = 0.994) for control medium afterhyperpo- 
larizations (open circles) and 0.60 _+ 0.094 mV/spike ( r  = 
0.965) for slow afterhyperpolarizations. In this cell, 1 mM 

CONTROL TOL.B 

4 S 6 7 8 

NUMBER OF SPIKES [TOLBUTAMIDE] (mM) 

Fig. 1. In whole-cell recordings with KMeSO 4 electrodes, tolbutamide depresses after-hyperpolarizations in concentration-dependent manner. (A) Plots of 
data from a single CA1 neuron; open circles and triangles are control amplitudes of medium afterhyperpolarization (mAHP, measured at peak) and slow 
afterhyperpolarization (sAHP, measured at 1 s after end of depolarizing pulses that generated 4 -8  spikes); closed circles and triangles are corresponding 
afterhyperpolarizations during tolbutamide (1.0 mM) bath application. Inset above: examples of afterhyperpolarizations after 7 spikes - evoked by current 
pulses shown below (spikes are not visible here, but were recorded separately at low gain); in presence of tolbutamide, same number of spikes were evoked 
by much smaller current. (B) Dose-response plots of tolbutamide-induced depression of afterhyperpolarizations: open and closed circles are respectively 
means ( +  S.E.M.) of 6 -14  medium or slow afterhyperpolarizations (from 54 tests of tolbutamide on I 1 cells). Curves of best-fit were obtained by fitting 
linear regressions to probit-transformed data. Both regressions had significant slopes with r = 0.95 (P  < 0.02) for medium afterhyperpolarizations and 
r = 0.89 (P  < 0.05) for slow afterhyperpolarizations; corresponding IC50 s are 0.15 and 0.33 mM (arrows). Recordings in this and all other figures were 
made in presence of kynurenate (1 raM) and bicuculline (10 /xM) or picrotoxin (50 /xM). 
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Table 1 
Depression of slopes of afterhyperpolarizations against number of spikes by 1 mM tolbutamide 

Control slope Change in tolbutamide 

Anions (in electrode) V m (mV) mAHP (mV/sp)  sAHP (mV/sp)  mAHP A(%) sAHP A(%) 

Whole-cell recordings 
KMeSO4 (5) - 55 + 2.0 - 0.86 + 0.16 b -- 0.40 + 0.09 " -- 77 _+ 15 b -- 88 + 7.8 ~ 

lntracellular recordings 
KMeSO4 (6) - 6 5  + 4.3 -0 .88  + 0.10 c -0 .42  + 0.04 c - 4 1  + 10 a -41  + 13 " 
KC1 (7) - 6 5  + 2.9 -0 .66  + 0.11 c -0 .32  + 0.06 b -- 13 + 16 9 + 23 

Mean values of slopes obtained by fitting linear regressions to - 5 data points, such as those illustrated in Figs. 1A and 2A. Number of cells for which 
slopes were calculated is in parentheses (at left). V m, resting membrane potential; mAHP, medium afterhyperpolarization, measured at early peak; sAHP, 
slow afterhyperpolarization, at 1 s after end of depolarizing pulse. All paired comparisons were at same resting potential, a p < 0.05; b p < 0.01; 
c P < 0.001. 

tolbutamide sharply depressed the afterhyperpolarizations 
(cf. traces inset above), the best-fitting slopes being re- 
duced to 0.51 +_0.098 mV/spike ( r =  0.948) for the 
medium afterhyperpolarizations and 0.22 + 0.060 
mV/spike ( r=0 .906)  for the slow afterhyperpolariza- 
tions. Thus tolbutamide reduced both components nearly 
equally, by 61 and 63%. At higher concentrations, the 
effects of tolbutamide were particularly marked and con- 
sistent (cf. Table 1). 

Overall, tolbutamide's depressant action was clearly 
dose-dependent, as shown by the dose-response curves in 
Fig. lB. These were calculated from the depressions of 
afterhyperpolarizations observed in 54 tests of tolbutamide, 

applied to 11 cells, at concentrations ranging from 0.05 to 
1 mM. The respective ICs0's were 0.15 mM for medium 
afterhyperpolarizations and 0.33 mM for slow afterhyper- 
polarizations. There was no discernible recovery of after- 
hyperpolarizations after washing for 20-60 min (3 cells). 

3.2. Intracellular recordings (with 'sharp' electrodes) 

Resting potentials were consistently lower (by = 10 
mV) than in whole-cell recordings (Table 1). Nevertheless, 
virtually identical afterhyperpolarizations were recorded 
with KMeSO 4 electrodes. But 1 mM tolbutamide was 
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Fig. 2. Tolbutamide also depresses afterhyperpolarizations when these are recorded with KMeSO 4 but not KCI intracellular electrodes. 'Sharp' 
microelectrodes contained 2 M KMeSO 4 for the recording from the cell illustrated in (A), and 3 M KCI for the cell illustrated in (B). Open circles and 
triangles are control amplitudes of medium and slow afterhyperpolarization (mAHP and sAHP, respectively), generated by increasing numbers of spikes; 
closed circles and triangles are corresponding afterhyperpolarizations in presence of tolbutamide (1 mM, 30 min). Inset above are examples of single 
afterhyperpolarizations s evoked by depolarizing pulses generating 9 and 16 spikes (for A and B respectively), before and during tolbutamide application. 
Note sharp reduction of both slow and medium afterhyperpolarizations by tolbutamide in (A); whereas in (B), both slow and medium afterhyperpolariza- 
tions were somewhat enhanced by tolbutamide. 
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Fig. 3. Outward current depressed by tolbutamide is Ca2+-dependent. Current-voltage plots were obtained with 500 ms pulses, during whole-cell recording 
from two different cells: (A) in regular ACSF (V H - 6 0  mV); (B) in Mn2+/low Ca 2÷ ACSF (to eliminate Ca 2÷ and Ca2+-dependent currents), with V H 
- 5 5  mV. Open circles are controls, closed circles data obtained after 15 min in 1 mM tolbutamide. Inset traces are examples of currents recorded at - 10 
mV (A) and - 15 mV (B). Tolbutamide sharply reduced outward current in (A) but not (B). 

somewhat less effective, both components being depressed 
by = 40% (Fig. 2A and Table 1). 

When recorded with KC1 electrodes (at the same resting 
potential), afterhyperpolarizations and the corresponding 
slopes were consistently smaller (Table 1). The most strik- 
ing difference, however, was the lack of any clear depres- 
sion by tolbutamide, the afterhyperpolarizations showing 
either no change or some enhancement (Fig. 2B and Table 
1). 

3.3. Whole-cell uoltage-clamp recordings 

In agreement with the current-clamp data, in 5 cells 
clamped near resting potential ( - 5 3 . 0  + 3.7 mV), tolbu- 
tamide (1 mM) consistently reduced the input conductance 
(G N) ( - 2 9  __+ 5.1%, from 19 _ 3.2 nS, P < 0.01), with no 
significant change in baseline current ( -  22 + 16 pA). 

3.3.1. Tolbutamide depresses voltage-dependent outward 
current (1,,,r) 

With V H near - 5 0  mV, depolarizing pulses to voltages 
> - 3 0  mV evoked net outward currents, having a mean 
of 4.2 + 1.3 nA at = - 10 mV (n = 5). Tolbutamide (1 
mM) quite regularly depressed such outward currents over 
the full range of potentials (Fig. 3A): at = - 10 mV, by 
65 _-I- 5.3% (for n = 5, P < 0.001). This effect was not 
reversed by a 30 min wash (n = 2). 

In another 6 cells, also held near - 5 0  mV, CaZ+-de - 
pendent currents were eliminated with Mn2+/low Ca 2+ 
ACSF. Similar depolarizing pulses evoked smaller outward 
currents - 1 .4+0 .2  nA near - 1 5  mV - presumably 
consisting mainly of delayed rectifier current (/DR) (Storm, 
1990). In the presence of tolbutamide (1 mM), there was 
no significant depression of such currents. Thus, in Fig. 
3B, the outward current was slightly enhanced; but the 
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Fig. 4. Outward tail currents are also reduced by tolbutamide. Plots of tail currents observed in one cell following pulses to various potentials, from V H 
- 50 mV (whole-cell recording in presence of tetrodotoxin). (A) Fast component (first arrow in inset traces); (B) slow component, measured at I s (second 
arrow). Open circles are control data; closed circles, data obtained after 15 min in 1 mM tolbutamide. 
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overall change near - 1 0  mV was a non-significant in- 
crease by 10.5 + 6.4% (n = 5). There was also no signifi- 
cant reduction in G N ( - 7 . 2  +4.5%,  n = 6). Thus, the 
tolbutamide-sensitive lou t is probably a Ca2+-activated or 
Ca2+-sensitive current, such as IAH P, I c and /or  I M. 

3.3.2. Tolbutamide also depresses outward tail currents 
Large, slowly decaying outward tails followed the end 

of depolarizing pulses, as partly illustrated by inset traces 
in Fig. 4 (from a neuron held at - 5 0  mV). According to 
previous studies (Lancaster and Adams, 1986; Storm, 1989, 
1990; Lancaster et al., 1991), an initial fast component of 
the tail reflects deactivation of I c and I M (near - 5 0  mV, 
I A and /DR would be inactivated); and a slowly decaying 
tail is generated by the long-lasting IAH P. In our experi- 
ence (see also Lancaster and Adams, 1986), there was 
seldom a clear distinction between fast and slow compo- 
nents of tail currents (Fig. 4). So we measured the slow tail 
(presumed to be mainly IAH P) at 1 s after the end of the 
depolarizing pulse, and the fast component at the onset 
(this would include I c and I M, and perhaps some IAnP). 

In 5 cells clamped at = - 5 3  mV, the fast and slow 
components of the tails seen at the end of 40 mV pulses 
had mean amplitudes of 290 + 62 pA and 87 + 26.8 pA, 
respectively. They were equally depressed by tolbutamide 
(Fig. 4A,B), by 47 + 10.6% and 5 7 _  14.1% (for both 
n = 5 and P < 0.025). 

3.3.3. Tolbutamide depresses I c 
To eliminate I M and IAH P, 4 cells were recorded in 20 

/~M carbachol and clamped at -- - 55 mV; 40 mV pulses 
evoked a n e t  lou t of 4.6 __--_ 1.2 nA. This current, made up of 
only I c and /DR, was much reduced by tolbutamide (by 
45 + 5.9%, P < 0.005) (Fig. 5). There was no recovery 
even after washing for 25 and 90 min (n = 2). Since 
tolbutamide had no effect on the Ca2+-independent out- 
ward current in the other tests, we conclude that the 
tolbutamide-sensitive voltage-dependent outward current 
consists mainly of I c. 

3.3.4. Tolbutamide depresses also 1M 
This muscarine-sensitive current is activated at poten- 

tials > - 6 0  mV, with slow kinetics; being non-inactivat- 
ing, in this range of V m it contributes to the steady-state 
outward K ÷ flux (Halliwell and Adams, 1982; Brown, 
1988). Though not directly dependent on Ca 2÷, it is sensi- 
tive to cytosolic [Ca z÷ ] (Tokimasa, 1985; Yu et al., 1994). 
To prevent its rundown (Pfaffinger, 1988; Yu et al., 1994), 
I M was recorded with electrodes containing 2 mM ATP 
and 1 mM Mg 2+. In 7 cells, clamped at - 3 0  mV, where 
I M is fully activated, hyperpolarizing pulses produced slow 
inward relaxations ( -  54 __+ 10.9 pA) (Fig. 6), which reflect 
the slow closing of M channels (Halliwell and Adams, 
1982). In 6 of 7 cells, tolbutamide (1 mM) reduced the 
inward relaxations, for an overall depression by 41 + 12.9% 
(for n = 7, P < 0.025) (Fig. 6). In 5 of these 6 cells (as in 

CARBACHOL CONTROL 
CONTROL TOLB f 

- - ~  5qms  B 4 ~ 

g - L  " . o 

- 55 mV 
VH 2 ~ 

V m ( mV ) 
-120 ' ~ -  40 -20 0 

-2 

Fig. 5. Tolbutamide depresses Ca 2+- and voltage-dependent C current. 
I / V  plots were obtained from single cell, with 500 ms pulses, during 
whole-cell recording at V H - 5 5  mV (arrow) in presence of 1 /xM 
tetrodotoxin and 20 /~M carbachol (to eliminate IAHP and /M): open 
circles are controls, closed circles, data obtained after 15 min in tolbu- 
tamide (1 mM). Inset traces are examples of currents evoked in same cell 
with 40 mV pulses. 

Fig. 6), there was also an inward shift in holding current 
( -  126 ___ 37 pA, P -- 0.025), presumably caused mainly 
by suppression of ongoing I M - which is maximally 
activated near - 3 0  mV (Halliwell and Adams, 1982; 
Brown, 1988). In one cell, some remaining I M was abol- 
ished by the addition of 20 /zM carbachol (Fig. 6). 

3.3.5. Tolbutamide does not affect A current 
In 5 cells held at < - 7 0  mV, depolarizing pulses 

elicited an early transient current (Gustafsson et al., 1982; 
Storm, 1990), with an amplitude of 145 _ 36 pA (at = - 4 0  
mV). To minimize any contribution of I c, these recordings 
were made in the presence of 1 mM tetraethylammonium 
(Lancaster and Adams, 1986; Storm, 1990). Tolbutamide 

CARBACHOL 
TOLBUTAMIDE 

CONTROL 1 
. . . .  

~ -  - 3 0 m V  I 0.5 

I nA 
500 ms 

Fig. 6. Tolbutamide also depresses M current (whole-cell recording). 
With cell clamped at - 3 0  mV, M-current inward relaxations were 
evoked by 10 mV, 200 ms hyperpolarizing pulses: they are displayed on 
accelerated traces obtained initially, then after 20 min in tolbutamide (1 
mM), and finally after adding carbachol (20 /xM). Tolbutamide induced 
an inward current (0.2 hA) and suppressed the inward relaxations. In 
carbachol, there was a further inward shift and fall in conductance. 
Dashed line is at initial current level (450 pA). 
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(1 mM) had no significant effect, either on its peak 
amplitude (17 _+ 22.3%) or voltage dependence. 

3.4. Effects of tolbutamide on uoltage-dependent inward 
curren t s  

3.4.1. High L, oltage-activated Ca: + curren t s  (Ica) 
Because afterhyperpolarizations are triggered by Ca 2+ 

influx, they are indirectly blocked by antagonists of Ca 2 +- 
channels (Lancaster and Adams, 1986; Madison and Nicoll, 
1984; Storm, 1990). So we tested tolbutamide on Ca 2+ 
currents, isolated as described in the Methods. HVA in- 
ward currents (mainly carried by Ba 2+) were evoked in 5 
cells by 500 ms depolarizing steps from V H -- - 4 0  mV. 
They had an early peak ( - 4 . 0  _+ 0.65 nA), which rapidly 
decayed to a better sustained level ( - 2 . 1  _+ 0.41 nA, as 
measured at the end of the 500 ms pulses). Tolbutamide (1 
mM) had only a minor (non-significant) depressant effect, 
the initial peak lc, being reduced by 12.5 _+ 5.8%, and the 
sustained /ca by 19.5 _+ 9.6%. As can also be seen in Fig. 
7, the voltage dependence of the /ca was not significantly 
changed. In 2 cells, such inward currents were subse- 
quently eliminated by superfusion with a MnZ+/low Ca 2+ 
ACSF. Thus, the suppression of afterhyperpolarizations 
and Ca2+-dependent outward currents by tolbutamide is 
probably not secondary to a block of /ca. 

CNT TOLB Mn, Low Ca 

" 1 / ~  " ~ f f  ~ - -  1 

Mn, L o w  Ca 7 

- I ~ 4 0  

-2 

! (nA) 

Fig. 7. Tolbutamide has no significant effect on high voltage-activated 
Ca 2+ currents. Intracellular recording with CsCI electrode was from slice 
in PO 4- free-ACSF, containing reduced Ca 2+ (0.5 mM), tetrodotoxin (1 
IxM), BaCI 2 (1.5 mM), CsCI (2 raM) and tetraethylammonium (10 mM). 
Cell was clamped at - 50 mV (arrow). Open circles are control values of 
net sustained currents (measured at end of pulses); closed circles, sus- 
tained currents in 1 mM tolbutamide; open triangles, show that inward 
currents were nearly abolished after 10 min exposure to Mn 2+, low Ca 2+ 
ACSF. Inset are examples of net currents evoked by 30 mV pulses: initial 
control (CNT); in presence of tolbutamide; and in Mn 2+, low Ca 2+ 
ACSF. All data are from one cell. 

-100 -90 -80 -70 -60 
i i I , A 0 

V m  ( - 100 

o 

- 2 0 0  A 

- 300 

- 8 0 0  

-S0 V" ~ 1 CONTROL n A  
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Fig. 8. Tolbutamide also reduces Q-type inward current. Whole-cell 
recording was at V H - 6 0  mV, in presence of tetrodotoxin. Slow inward 
relaxations during 500 ms hyperpolarizing pulses are plotted as function 
of voltage: open circles, controls; closed circles, in l mM tolbutamide. 
Inset traces are examples of currents evoked with 30 mV hyperpolarizing 
pulses; dotted lines indicate 'instantaneous' current levels from which 
inward relaxations were measured. All data are from a single neuron. 

3.4.2. Q current (IQ) 
This Na/K-mediated inward rectifier is identified by its 

slow activation and resistance to Ba 2+ (Halliwell and 
Adams, 1982; Brown et al., 1990; Maccaferri et al., 1993). 
The characteristic slow inward relaxation, evoked by hy- 
perpolarizing pulses to = - 90 mV, had a mean amplitude 
of -340_+ 38 pA (n = 14). It was moderately (though 
significantly) depressed by tolbutamide ( - 2 2 . 5  + 5.7%; 
for n = 14, P < 0.005) (Fig. 8). There was no recovery 
even after 15-20 min of wash (n = 2). 

3.5. Glyburide (10 tzM) does not depress afterhyperpolar- 
izations or outward currents 

In 8 cells, recorded under current-clamp with 
KMeSO4-containing patch electrodes, glyburide (10 /xM) 
produced a just significant increase in R N, without a 
corresponding change in V m (Table 2). In 7 of these cells, 
glyburide failed to depress either afterhyperpolarizations or 
the slopes of plots of afterhyperpolarizations vs. number of 
spikes (Table 2). Indeed, both medium and slow afterhy- 
perpolarizations tended to increase somewhat, but only the 
latter perhaps significantly (P - -0 .05 )  (Fig. 9 and Table 
2). 

When 1 mM tolbutamide was applied in the presence of 
glyburide (n = 3), it had its usual depressant effect, medium 
afterhyperpolarizations being reduced by 65 +_ 20.1% and 
slow afterhyperpolarizations by 83 _+ 16.7% (Fig. 9). In 
this respect, hippocampal neurons differ from hypothala- 
mic glucoceptive cells, where glyburide prevents the block 
of K + channels by tolbutamide (Ashford et al., 1990). 
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Fig. 9. Unlike tolbutamide, glyburide does not reduce afterhyperpolarizations. Whole-cell recording was throughout in presence of 0.10% dimethyl 
sulphoxide. (A,B) Plots of amplitudes of medium and slow afterhyperpolarizations from same cell: open circles are control values; closed circles, data 
obtained in presence of glyburide (10/xM), and then after adding 1 mM tolbutamide (open triangles). Inset traces are examples of afterhyperpolarizations 
seen after 6 spikes (below are corresponding current pulses). Membrane potential was initially - 55 mV, and was held at this level. 

In agreement with the current-clamp data, in 5 other 
cells under voltage-clamp (V.  = - 5 5  mV), glyburide re- 
duced G N (by 20 +__ 7.2%, P = 0.05) without changing the 
base-line current ( 1 0 _  24 pA). Outward currents evoked 
by pulses to = - 1 5  mV (3.2 ___ 1.7 nA) were also unaf- 
fected by glyburide (7 .6_  19.2%) (Fig. 10A). A further 
application of tolbutamide to one of these cells reduced the 
outward current by 52%. 

We recently reported (Erdemli and KrnjeviC 1994c) 
that intracellular guanosine diphosphate appears to en- 
hance outward currents and a cromakalim-sensitive current 
in CAI neurons (cromakalim activates KAT P channels in 
some cells, Ashcroft and Ashcroft, 1992) and that this 
effect could be blocked by glyburide. So we also tested 
glyburide while recording with patch electrodes containing 
1 mM guanosine diphosphate. Under these conditions, 

A 
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CONTROL 

V m (mVl 
-120 . 40  .;10 

B 
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2 --J U 
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. 1  

Fig. 10. Glyburide does not depress outward current, even when recorded with guanosine diphosphate (GDP)-containing patch electrode. Current-voltage 
plots were obtained from two cells, in presence of tetrodotoxin and dimethyl sulphoxide (0.10%, throughout). (A) Data recorded with KMeSO 4- and 
Hepes-containing electrode (V n - 7 0  mV); (B) from second cell, with similar electrode containing also 1 mM guanosine diphosphate (V H - 6 0  mV). Open 
circles are controls; closed circles, after 15 min in 10 p,M glyburide. Inset in (B) are examples of currents recorded before and during glyburide 
application. 
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Table 2 
Effects of glyburide (10 /xM) on afterhyperpolarization and resting 
membrane properties 

Control in glyburide (change) N 

V m (mV) - 58 + 3.1 - 0.9 + 1.5 mV 8 
g N (MI2) 94+  12 26+  11% a 8 

mAHP 
Amplitude (mV) - 4 . 6 + 0 . 8 5  21 + 13% 7 
Slope (mV/spike)  - 0 . 6 3 + 0 . 0 5  6.8 + 12% 7 

sAHP 
Amplitude (mV) - 1.8 _+ 0.27 66 -I- 27% a 7 
Slope (mV/spike)  - 0.25 + 0,03 97 + 53% 7 

Whole-cell recordings with KMeSO 4 electrodes: Vm, resting membrane 
potential; Ry, input resistance; mAHP, medium afterhyperpolarization; 
sAHP, slow afterhyperpolarization; N, number of cells; a p = 0.05. 

outward currents evoked by pulses to = - 2 0  mV (2.3 + 
0.32 nA) showed no consistent change ( - 9 . 2  + 32.0%) - 
as illustrated in Fig. 10B. 

4. Discussion 

The present finding that 0.5-1 mM tolbutamide blocks 
several voltage- and Ca2+-activated (or Ca2+-sensitive) 
currents in CAI neurons, including I M, I c and /griP, as 
well as IQ, is further evidence that, at these concentrations, 
tolbutamide is not just a specific KAT P blocker. This is in 
agreement with previous reports of a variety of other 
actions of tolbutamide (listed in the Introduction) - includ- 
ing depression of the D-type K + currrent (CrEpel et al., 
1993), which may also be Ca2+-dependent (Hamon et al., 
1994). Albeit a much higher concentration than is effective 
on insulin-secreting cells, 0.5-1 mM tolbutamide is rou- 
tinely applied in tests on many tissues, including cardiac 
muscle (Belles et al., 1987) and central neurons (Ashford 
et al., 1990; Jiang et al., 1994). The present results are 
therefore of quite wide relevance. 

4.1. Effects of tolbutamide on resting membrane properties 

Previous studies on several tissues, including brain, 
have reported that tolbutamide causes a depolarization and 
increase in input resistance as a result of block of KAT P 

(Ashford et al., 1990; Henquin and Meissner, 1982). In the 
present experiments, tolbutamide increased R N (o r  de- 
creased G N) without any consistent change in either V m or 
I n .  Tolbutamide's effect on resting G N c a n  be explained 
by the suppression of K + currents likely to be active near 
resting V m, such as  ID, IM and perhaps I c and IAHp" 
Bearing in mind that K ! ~ e S O  4 does not favour KAT P 

activity (McKillen et al., 1994), it is unlikely that blockage 
of KAT P contributed in a major way to this effect. The 
absence of any consistent depolarization (or inward shift 
under voltage-clamp) is presumably due to the concurrent 

depression of ongoing inward IQ (Maccaferri et al., 1993; 
Krnjevi~ and Xu, 1996). 

4.2. Tolbutamide reduces voltage-activated Ca 2 +-depen- 
dent conductances 

This is strongly indicated by three findings: first, tolbu- 
tamide very substantially depresses both the medium and 
the slow afterhyperpolarizations; second, it causes a simi- 
lar depression of sustained outward currents (and tail 
currents) evoked under voltage-clamp by depolarizing 
pulses; third, it is ineffective in a Mn2+/low Ca 2+ medium 
that eliminates Ca 2 +-dependent currents. Accordingly, tests 
on isolated currents showed that I c, IAHP, IM and IQ - all 
either Ca2+-activated or Ca 2 +-sensitive (Hagiwara and Iri- 
sawa, 1989; Lancaster and Adams, 1986; Storm, 1990; Yu 
et al., 1994) - were reduced by tolbutamide; whereas /DR 

and I A were not. 
The afterhyperpolarizations of hippocampal cells are 

believed to have two components: the medium, lasting 
50-100 ms and the slow, lasting more than l s. The 
medium afterhyperpolarization (or the early outward tail 
current under voltage-clamp) is mediated mainly by 1~, I c 
and inactivation of IQ (Lancaster and Adams, 1986; Storm, 
1989; Maccaferri et al., 1993). Depression of these cur- 
rents would satisfactorily explain why medium afterhyper- 
polarization were suppressed by tolbutamide. Similarly, 
the reduction of the slow tail current (IAnP) is obviously in 
keeping with the depression of slow afterhyperpolariza- 
tions. 

A simple explanation for the Ca 2 + dependence of cur- 
rents depressed by tolbutamide would be that tolbutamide 
blocks Ca 2+ currents. But this was evidently not the case. 
Another possibility is that tolbutamide acts more-or-less 
directly on mechanisms of cytosolic [Ca 2+ ] homeostasis or 
at the site where Ca 2+ triggers or modulates G K. There is 
good evidence that tolbutamide suppresses several cyclic 
AMP-mediated phenomena - such as lypolysis (Brown et 
al., 1972), activation of kinase A (Kanamori et al., 1976) 
and cystic fibrosis transmembrane conductance regulator 
Cl currents (Sheppard and Welsh, 1994). A block of 
protein kinase A, however, would not explain the suppres- 
sion of afterhyperpolarizations, which are strongly de- 
pressed by cyclic AMP (Madison and Nicoll, 1986); but if 
cyclic AMP and protein kinase A play an important role in 
[Ca2+]i homeostasis by stimulating Ca 2+ release from 
mitochondria (Bode, 1974), totbutamide could markedly 
lower [Ca 2. ]~. Alternatively, tolbutamide may inactivate a 
Cae+-dependent protein kinase that modulates the tolbu- 
tamide-sensitive currents. These kinds of actions are un- 
likely to be a competitive type of block, and therefore may 
explain why tolbutamide's effects were not readily re- 
versible by washing. 

The irreversible effects of tolbutamide inevitably sug- 
gest a possible rundown, even when recording with 
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KMeSO 4 and ATP-containing patch electrodes (Zhang et 
al., 1994). However, comparable applications of glyburide 
were ineffective. Moreover, afterhyperpolarizations re- 
corded with KMeSO4-containing 'sharp' electrodes, albeit 
much less prone to rundown, were also depressed by 
tolbutamide. So its inhibitory effect cannot be simply due 
to rundown of afterhyperpolarizations during patch record- 
ing. 

Various components of pipette-filling solutions can have 
marked and often unexpected effects on membranes cur- 
rents (Kay, 1992). In our experiments, afterhyperpolariza- 
tions were somewhat smaller and tolbutamide was ineffec- 
tive in recordings with KCI electrodes. It has long been 
known that high intracellular [C1-] is not conducive to 
stable intracellular recording from cortical neurons (Kelly 
et al., 1969). It appears that Cl-  depresses several K + 
currents (Lenz et al., 1994; Zhang et al., 1994), perhaps by 
increasing the sensitivity of G-proteins to guanosine 
triphosphate (Nakajima et al., 1992). A variety of plausible 
mechanisms have been proposed, such as changes in pro- 
tein conformation and cytoskeletal structure, but none 
supported by compelling evidence. There is a curious (and 
significant) contrast in this respect between IAHp and 
KATP: although CI greatly accelerates the rundown of 
both types of channels, MeSO 4 , but not gluconate-, pre- 
vents IAHp rundown (Zhang et al., 1994); whereas gluco- 
nate-, but not MeSO 4 , prevents rundown of KAX p (at least 
in muscle, McKillen et al., 1994). 

Like tolbutamide, glyburide lowers G N - probably by 
reducing I D (Crrpel et al., 1993). However, because gly- 
buride does not depress afterhyperpolarizations (or out- 
ward currents), at these concentrations, it is a more selec- 
tive agent. In the light of the present results, the fact that 
tolbutamide (but not glyburide) can suppress the anoxic 
hyperpolarization of CA1 neurons suggests that this hyper- 
polarization could be mediated mainly by IAnp, activated 
by a rise in cytosolic Ca 2+, at least partly due to Ca 2+ 
release from an IP3-sensitive store (Belousov et at., 1995). 
Although these results point to Ca2+-dependent K + chan- 
nels as the predominant site of tolbutamide's action, we 
cannot exclude the interesting possibility that these K + 
channels are sensitive to both ATP and C a  2+, like certain 
channels observed in hypothalamic (Treherne and Ashford, 
1991) and nigral neurons (Jiang et al., 1994). 
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