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SUMMARY

1. The patch-clamp technique has been used to investigate the mechanisms that
couple membrane excitability to metabolism in neurones isolated from mouse dorsal
root ganglia.

2. Blockade of electron transport by cyanide (CN~), reduction of the mitochondrial
membrane potential with carbonyl cyanide p-trifluoromethoxyphenyl hydrazone
(FCCP), removal of glucose or inhibition of glycolysis with iodoacetic acid (IAA), all
increased a K+ conductance (gg), which could be sufficient to shunt action potentials.

3. The K* conductance was reduced by incubation of cells in Ca®*-free solutions or
by increasing the Ca?* buffering power of pipette-filling solutions. The Ca?*
ionophore, ionomycin, also increased a K* conductance, and current fluctuation
analysis showed that the channels carrying the current induced by both ionomycin
and by CN~ had a similar mean conductance of circa 9 pS. Thus, increased gg was a
Ca?*-dependent K* conductance, gxca), reflecting a rise in resting [Ca®*];.

4. The conductance was not affected by inclusion of ATP or an ATP-regenerating
system in the pipette, suggesting that the underlying rise in [Ca?*] is not due directly
to loss of ATP, and confirming that the increased gk is not carried through ATP-
dependent K* channels.

5. Voltage-gated K* currents evoked by membrane depolarization were increased
by CN~ or glucose removal. The current—voltage relation of the increased gx mirrored
the voltage dependence of Ca®* entry, and thus reflects impaired cellular handling of
the Ca?* load imposed by depolarization.

6. The rise in [Ca?*); and altered Ca** buffering capacity induced by metabolic
blockade affected several other conductances: (i) a Ca?*-dependent chloride current
was increased. (ii) Both the low-threshold transient and high-threshold sustained
voltage-gated Ca®* currents were attenuated and their thresholds were shifted in the
hyperpolarizing direction. (iii) The inward current activated by hyperpolarization,
Iy, seen in large cells, was attenuated by either metabolic blockade or ionomyecin.

7. The responses of these neurones to impaired metabolism thus depend largely on
the effects of raised [Ca?*]; on the populations of channels expressed by the cells.
These changes in membrane properties could account for some of the changes in
neuronal behaviour seen during the clinical states of hypoxia or hypoglycaemia,
underlying changes in central nervous system function.
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INTRODUCTION

The objective of the present study was to define the cellular events that couple
alterations in cell metabolism to altered membrane function in mammalian neurones.
Reduced availability of oxygen or oxidizable substrate lead rapidly to profound
changes in the function of the central nervous system. These changes are initially
reversible, and no permanent neurological deficit is expected following syncope from
vaso-vagal episodes or from transient hypoglycaemic episodes, as long as the
duration of the insult is limited. Under such conditions, the EEG becomes silent
(Grossman & Williams, 1971; Hansen, 1985). Electrophysiological studies in both
whole animals or in hippocampal slices in vitro have shown that hippocampal,
cortical and spinal neurones hyperpolarize and synaptic transmission fails (Eccles,
Loyning & Oshima, 1966; Glotzner, 1967; Godfraind, Kawamura, Krnjevi¢ &
Pumain, 1971; Krnjevié, 1975; Lipton & Whittingham, 1979; Cox & Bachelard,
1982; Fujiwara, Higashi, Shimoji & Yoshimura, 1987; Krnjevi¢ & Leblond, 1987).
Later, extracellular potassium rises (Van Harreveld, 1959; Branston, Strong &
Symon, 1977; Hansen, Hounsgaard & Jahnsen, 1982; Hansen, 1985). The cellular
mechanisms underlying the hyperpolarization remain uncertain. It has been assumed
by several of the above authors that the hyperpolarization results from an increased
calcium-activated potassium conductance gg(ca), but evidence has remained
equivocal (e.g. see Fujiwara et al. 1987).

In studies of whole animals, changes in metabolism initiate changes in the
concentrations of ions, metabolites and transmitters in the extracellular space, in
blood pressure and perfusion, and hormonal changes in response to the stress. The
architectural and functional complexity of neural tissue has made it difficult to
identify the basic pathophysiological changes in single neurones, even in studies of
CNS slices. In the present study, the whole-cell patch-clamp technique has been used
to study the electrophysiological responses of isolated single cells to alterations in
metabolism. The technique allows complete control of the extracellular environment,
and gives access to the intracellular space, while allowing the study of membrane
physiology that is precluded by the even more reductionist approach represented by
synaptosomal preparations (e.g. Nicholls & Akerman, 1981; Nachshen, 1985;
Rasgado-Flores & Blaustein, 1987).

In this study, neurones isolated from mouse dorsal root ganglia (DRGs) were used
as a model system because: (i) the limited cell types in the ganglia express the major
voltage-gated currents described in mammalian neurones; (ii) the soma response to
metabolic blockade might give insight into the presynaptic basis for synaptic failure.
It is widely assumed (if only for want of evidence to the contrary), that the
electrophysiological properties of the somatic membranes are similar to those of the
terminal membranes, which are not accessible for study; (iii) the cells are spherical
and lack processes. Compounds introduced into the cell with a patch pipette are more
likely to permeate the cell cytoplasm than in cells that have processes along which
diffusion is slow; and (iv) the cells do not have synaptic terminals on the soma, so
that responses to the various manipulations described below cannot be due to altered
release of transmitters from boutons that remain attached after dissociation.

A preliminary account of some of these data has been published (Duchen &
Somjen, 1988).
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METHODS

Cells were obtained as previously described (Duchen & Pearce, 1989; Duchen, Valdeolmillos,
O’Neill & Eisner, 1990). Mice were killed by decapitation. After a ventral laminectomy (see Biscoe
& Duchen, 1986) the lumbar dorsal root ganglia were removed into a saline-containing collagenase
type II (Sigma). The composition of the saline was (mm): NaCl, 130; NaHCO,, 26; KCl, 3-0;
KH,PO,, 1-25; MgCl,, 2:0; p-glucose, 10. The ganglia were incubated for 30 min at 35 °C,
continuously supplied with 95% 0,-5% CO,. They were then removed into a similar saline but
containing papain (Worthington, 0:035%), cysteine (175 ug/ml, Sigma) and 2 mm-CaCl,, and
incubated at 35 °C for at least a further 30 min. Cells were prepared by trituration of a ganglion
with fire-polished Pasteur pipettes, in a HEPES-buffered saline (as above, but bicarbonate
replaced by NaCl, and with 7-5 mM-HEPES, pH 7-3). The cells generally remained viable for about
2 h and were then replaced by trituration of another ganglion.

Whole-cell patch-clamp recordings were made using standard techniques (Hamill, Marty,
Neher, Sackmann & Sigworth, 1981 ; Duchen, Caddy, Kirby, Patterson, Ponte & Biscoe, 1988). A
List EPC7 amplifier was used in combination with a microcomputer, which was used for the
generation of voltage-clamp protocols and on-line digital storage (p-clamp, Axon Instruments).
Data were also stored on FM tape (Racal, Store-4D), where appropriate. Pipettes were pulled from
thin-walled glass, to tip diameters of 2-3 um, giving resistances of 1-3 MQ. Series resistance,
membrane capacitance and input resistance were routinely determined by analysis of the
capacitative transient response to a 20 ms, 10 mV hyperpolarizing command from a holding
potential of —60 mV, as no voltage-gated currents are activated by such a step. Series resistance
averaged 3 MQ, ensuring reasonable access of the pipette contents into the cytoplasm. Correction
for the voltage-clamp error introduced by the series resistance was calculated and correction made
on I-V curves when the error was more than 5 mV. Current variance was measured from the
current signal filtered between 0-5 and 500 Hz (8-pole Butterworth filters, Barr & Stroud) using a
home-made analog standard deviation meter. Moving averages of the standard deviation and of the
original, unfiltered signal were then used to calculate variance and mean current.

In early experiments, pipettes were filled with a solution containing (mm): KCl, 130;
ethyleneglycol-bis-(f-aminoethylether)N.N.N'N'-tetraacetic acid (EGTA), 11; CaCl,, 1-0 (pCa, 8);
HEPES, 7'5; pH adjusted to 7-2-7-3 with KOH. Subsequently, the Ca?* buffer used was varied,
using: (i) no EGTA, no added Ca?; (ii) 05 mM-EGTA and (iii) 10 mm-1,2-bis(2-amino-
phenoxy)ethane-N,N.N’.N'-tetraacetic acid (BAPTA). When studying Ca?* currents, K* currents
were blocked by using a combination of 105 mM-CsCl, and 25 mM-tetraethylammonium (TEA)
chloride to replace KCl, and 1 gm-tetrodotoxin (TTX, Sigma) was added to the bath to block the
TTX-sensitive Na* current. To prevent run-down of the Ca?* current, MgATP (5 mm) was added
to the filling solution. In some other experiments, any of the following were also added to the filling
solution: MgCl,, 2 mm; MgATP, 2-5 mM; creatine phosphate, 2 mM; creatine phosphokinase
(CPK), 20 units/ml; MgADP, 2 mMm; and leupeptin, 100 zM (all from Sigma). Drugs were applied
by pressure ejection from a second patch pipette placed close to the cell, and included NaCN
(2 mMm), carbonyl cyanide p-trifluoromethoxyphenyl hydrazone (FCCP; 5 um), iodoacetic acid
(TAA; 200 um) (all from Sigma) and ionomyecin (2-5 um) (Calbiochem). All experiments were
performed at room temperature (18-22 °C).

The data presented were derived from recordings made from several hundred cells. For each
group of experiments, data were obtained from at least ten cells and usually more.

RESULTS

All the manipulations used to inhibit metabolism — application of CN~, removal of
glucose, inhibition of glycolysis with IAA or application of the mitochondrial
uncoupler FCCP —routinely hyperpolarized cells and reduced their excitability.
Qualitatively similar responses were seen in large and small cells, despite their
electrophysiological differentiation (see, for example, Harper & Lawson, 1985;
Duchen & Pearce, 1989). On the assumption that it would maximize the responses,
CN~ was initially applied in a glucose-free solution. In practice, this in fact made
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Fig. 1. Whole-cell recordings made under current-clamp control. 4, a short 300 pA
depolarizing step evoked a prolonged action potential from asmall cell. 2 mM-CN™ in glucose-
free saline (arrows) hyperpolarized the cell and the pulse failed to elicit an action potential. B,
the electrotonic response to a longer, hyperpolarizing 300 pA step applied to the same cell
was reduced by CN~ (arrows). The cell resting potential was —58 mV. C, recordings from
a larger (diameter circa 35 um) cell in response to a 220 pA depolarizing step (labelled 1).
This cell generated a faster action potential which was followed by an after-
hyperpolarization. Ten seconds after application of CN~, the threshold for the action
potential was shifted in the hyperpolarizing direction and the after-hyperpolarization was
increased (trace 2). After CN~ had been present for 30 s, the step failed to elicit an action
potential. The cell membrane potential was —72 mV.

little difference, and either CN~ or zero glucose alone had similar effects to the
combination. FCCP and IAA had similar effects to CN~ and to each other (see below)
but proved less readily reversible, so that CN~, with or without glucose, was used for
the majority of experiments illustrated. The characteristic electrophysiological
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responses seen under current-clamp control will first be described. This will be
followed by a voltage-clamp analysis of the underlying conductance changes.

Recordings under current-clamp control

Under whole-cell recording conditions in current clamp, spontaneous activity was
unusual. In order to examine the effect of a combination of CN~ and glucose
withdrawal on cell excitability, depolarizing steps were applied close to the threshold
for the action potential (Fig. 1). The record shown in Fig. 1.4 shows the long-duration
action potential recorded from a subpopulation of (small, i.e. diameter circa 20 pm,
capacitance < 25 pF') sensory neurones in response to a short depolarizing step. In
response to CN~ applied in glucose-free saline, cells hyperpolarized, and the
depolarizing current step in this example was no longer sufficient to elicit the action
potential.

The response to a hyperpolarizing current step, which was not large enough to .
activate the inwardly rectifying current I; (see below) and therefore shows only the
charging of the cell impedance, is shown in Fig. 1 B. During exposure to CN~ and zero
glucose, the membrane potential hyperpolarized and the electrotonic voltage response
was reduced, demonstrating an increase in membrane conductance.

In addition to this increase in conductance, the after-hyperpolarization that
follows action potentials was exaggerated in the presence of CN™, as shown in Fig.
1C. These records come from a larger cell (circa 35 pum diameter, capacitance circa
50 pF) which exhibited a faster action potential than the cell illustrated above,
showing that the nature of the response was essentially the same in different classes
of cells within the preparation. A long depolarizing step was used to excite an action
potential. The first response following the application of CN~ shows an apparent
reduction in the threshold for the action potential, and an increase in the amplitude
of the after-hyperpolarization. During the next depolarizing step, the membrane was
shunted.

Recordings under voltage-clamp control

The ionic basis of the increased resting conductance was determined by
experiments under voltage-clamp control. Application of CN~ (Fig. 2) increased an
outward current which was seen most readily if the cell membrane potential was
held at or positive to —50 mV. The outward current was associated with an increase
in current fluctuations or noise, as seen in the high-pass-filtered record shown in the
middle trace in Fig. 2, indicating that the current was due to an increase in the
opening probability of ion channels (rather than an altered pump current, for
example). The lowest trace shows the standard deviation of the current derived from
the high-pass-filtered trace. These data were used to calculate current variance as
shown below (see Fig. 7).

The current voltage (I-V) relation of the CN~-induced outward current was
studied by using hyperpolarizing voltage ramps from —50 to —150 mV (200 ms peak
to peak) to sample the current over that voltage range before, during and after
application of CN~ (Fig. 34). In this instance, the rate of the ramp was chosen to
allow sampling of the resting conductance with minimal activation of the voltage-
gated inward current, Iy (see below). The resting potential of the cell (the potential
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at which no net current flows) hyperpolarized in the example illustrated from about
—74 to —82 mV. The I-V curve of the CN™-induced current (Fig. 3 B) was obtained
by the digital subtraction of the control response from that obtained during the
developed outward current. The current reversed between —85 and —90 mV, very
close to the predicted Ex of —88 mV, and shows slight outward rectification. FCCP

CN- - 0 glucose CN- - 0 glucose

500 pA

Vh =50 mV -40 mV

100 pA

“ | 10 pA

50 s

Fig. 2. Recordings made from a large cell (diameter about 40 xm) under voltage-clamp
control. The membrane potential was clamped initially at —50 mV. 2 mmM-CN~ applied in
glucose-free saline induced an outward current associated with increased current
fluctuations, seen more clearly in the lower traces. The middle trace shows the current
filtered between 0-5 and 500 Hz. This signal was then processed by an analog circuit to
show the standard deviation from the mean (bottom trace). The resting outward current,
the response to CN~ and the associated noise were all increased when the cell membrane
potential was clamped at —40 mV.

(Fig. 4), glucose removal and IAA (not shown) increased a conductance with similar
characteristics, except that the response to FCCP typically outlasted the period of
application by several minutes. As shown in Fig. 44, FCCP similarly hyperpolarized
the resting membrane potential, in the example shown from —73 to —78 mV, and
the FCCP-induced current (Fig. 4 B) reversed close to —90 mV.

Thus, close to the cell resting potential, blockade of electron transport by CN~,
glucose removal, inhibition of glycolysis with IAA and reduction of the mitochondrial
membrane potential with FCCP (Heinonen, Akerman & Kaila, 1984) each increases
a K* conductance, or gx. Potassium was the only ion present with a negative reversal
potential under these recording conditions, and the outward current was not seen
when K* currents were blocked by replacement of K* in the pipette with Ca* and
TEA*.
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Fig. 3. 4, the I-V relation of the current induced by CN~, obtained by passing a
hyperpolarizing ramp from the holding potential of —50 mV to —150 mV before and at
the peak of the response to CN~ (arrows). The increased outward current at —50 mV
reversed at about —85 mV. B shows the I-V curve of the CN™-evoked current obtained
by subtraction of the control record from that obtained in the presence of CN~.

Potassium channels carrying the current

There are two major candidates for this role: (i) Ca?*-dependent potassium
channels. We have shown (Biscoe, Duchen, Eisner, O’Neill & Valdeolmillos, 1988;
Duchen et al. 1990) that intracellular Ca?* concentration ([Ca?*];) rises in DRG cells
in response to CN~, glucose removal or FCCP. (ii) ATP-regulated K* channels, a
population of channels present in cardiac myocytes (Noma, 1983), pancreatic fS-
cells (Cook & Hales, 1984), skeletal muscle (Castle & Haylett, 1987) and probably in
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some CNS neurones (Bernardi, Fosset & Lazdunski, 1988) that are kept closed by
ATP and which open as ATP levels fall.

Addition of 5 mM-MgATP to the pipette-filling solution, which would be expected
to keep ATP-dependent channels closed, made no difference to the response to CN~
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Fig. 4. A, the I-V relation of the current induced by 5 uMm-FCCP. The current reversed at
about —85 mV and showed a degree of outward rectification, seen more clearly in the

subtracted records shown in B.

or to FCCP. As the ATP/ADP.P; ratio is more important in determining the free
energy available to the cell than the absolute concentration of intracellular ATP in
the cytoplasm, creatine phosphate (CP), creatine phosphokinase (CPK), Mg?* and
MgATP were included in the pipettes in some experiments to rephosphorylate ADP.
These agents again did not make any difference to the response (Fig. 54 and B).
Addition of 2 mM-ADP to the pipette, which might be expected to diffuse into the
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cell and lower the ATP/ADP.P; ratio, also had no apparent effect on either the
resting membrane conductance or on the responses to metabolic blockade. The
addition of MgATP or CP/CPK/ATP did dramatically reduce the rate of run-down
of the Ca’* currents and had independent effects on the GABA-gated chloride current
(Duchen, 1989), suggesting that access of the agents to the cytoplasm was not
restricted, although it is impossible to be absolutely sure that sufficient ATP was
available throughout the cell.

A c
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Fig. 5. The current evoked by CN~ was examined under different recording conditions. In
A and B, 0-5 mM-EGTA, 5 mM-MgATP, 2 mM-creatine phosphate, and 20 units/ml CPK
were added to the pipette-filling solution. CN~ increased an outward current at —50 mV
which reversed close to —90 mV, and showed outward rectification. The records shown
in C and D were obtained from a cell bathed in Ca?*-free saline (including 1 mM-EGTA).
CN-, applied in Ca?*-free saline, evoked a small outward current which reversed close to
—90 mV. Note that a slower ramp (500 ms peak to peak) was used to obtain these data.
The inward inflexion on the control trace at hyperpolarized potentials is due to activation
of Iy (see below).

When the rate of intracellular Ca?* buffering was increased, by using
10 mM-BAPTA, the responses in many cells were smaller than expected (i.e. less than
100 pA at —50 mV), but larger responses were still seen in some cells. If Ca?*
buffering was reduced, using only 0-1 mM-BAPTA or 0-5 mmM-EGTA, large ( > 250 pA
at —50 mV) responses were routinely seen (such as those illustrated above).
However, these results remained equivocal, probably reflecting the inadequacy of
control over intracellular Ca?* buffering by the pipette contents in these relatively
large cells. However, when cells were incubated in a Ca?*-free solution, responses to
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CN~ were abolished in most cases. Under these conditions, CN~ did occasionally
induce a small outward current (Fig. 5C and D) which reversed at Ex. In these
instances, however, the current was not associated with a clear increase in membrane
noise, suggesting that a component of the current may be carried through a channel
of very low conductance.

A

280 ; lonomycin
240 - ¢
200 -
160 -
1{pA) 7
P 120 -
80 -
40 -
0 T T T T 1
0 20 40
Time (s)
B 400 I
J 300
2004 A )
| 200
I{pA) | HPA)
100
] > ° W
-400 —— -100 . . —
=130 -110 -90 -70 -50 -130 -110 -90 -70 -50
V{(mV) vV (mV)

Fig. 6. 4, a brief application of ionomycin (5 uM; arrow) to a cell clamped at a potential
of —50 mV initiated a long-lasting outward current associated with an increase in
membrane fluctuations. B and C show I-V relations of the current evoked by ionomycin
(arrows). The current reversed at about —75mV, and hyperpolarized the resting
potential by about 15 mV. As in Fig. 5C and D, a slower ramp was used, and activation
of Iy at hyperpolarized potentials can be seen in the control trace. Reduction of Iy (see
below) after the application of ionomyecin accounts for the upward curve on the record
shown in C.

The Ca**-H* ionophore, ionomycin (Liu & Hermann, 1978), which should raise
[Ca%*); without affecting free-energy availability directly, induced a very similar
increase in gx. Figure 64 shows that application of 5 um-ionomycin increased an
outward current at —50 mV associated with an increase in noise. The I-V curves
before and after application of the ionophore are shown in Fig. 6B, and the I-V curve
of the ionomyecin-induced current in Fig. 6 C. The resting membrane potential in this
cell hyperpolarized from —58 to —70 mV in response to ionomycin. These responses
were again most clearly seen if the pipette Ca®** buffering capacity was kept low
(either zero EGTA, no added Ca** or 0-5 mM-EGTA only). The responses to
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ionomycin under these conditions were only reversible if the pipette-filling solution
contained strong Ca?* buffers. In some cells, the reversal potential for the current
evoked by ionomycin was slightly positive to Ex (at about —70 to —80 mV). With
repeated applications, the outward current gave way to a net inward current, and the
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Fig. 7. Analysis of current variance evoked by CN~ (4) and by ionomycin (B) in two
different cells at a holding potential of —50 mV. The responses to CN~ during the onset
and offset of the response have been averaged. As the response to ionomycin was
irreversible, the variance during the onset of the response only is plotted. The variance
increases directly as a function of the mean current according to the equation quoted in
the text. A straight line was fitted to points < 80 pAin 4 and < 100 pA in B, giving slopes

(¢) of 0-28 and 0-265 pA respectively (R? > 0-95). Values for ¢ of 0-32 and 0-29 were required
to obtain adequate fits for the parabolic function o2 = il (1 —p,), however (see text).

reversal potential of the response moved positively, suggesting a contribution to the
net current from other Ca?*-activated cationic or chloride channels. This typically
preceded the development of a large noisy leakage current and an end to the
recording.

Noise fluctuation analysis of the whole-cell currents was used to compare the mean
conductance of the channels carrying the current induced by CN™~ and by ionomyecin.
Figure 7 shows the analysis of current variance in relation to the mean outward
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current developed at —50 mV in response to CN~ (4) and to ionomycin (B). The
increasing variance and current during the onset (for both drugs) and the decreasing
values during the offset (for CN™ only) of the responses have been averaged. The
variance (o2) is related to the mean current I, by the equation: o2 = I, (1 —p,),
where ¢ is the mean single-channel current, and p, is the probability of channel
opening. When p, is very small, ¢ = 02/I,,. The mean single-channel conductance,
estimated from the slope of the linear regression line, was similar in response to both
CN™ (914 +1 pS, »n = 6) and to ionomycin (9:3+0-3 pS, n = 3). Only cells in which
the response reversed clearly at Ex were used for this analysis to avoid contributions
from either Ca?*-activated Cl- (see below) or cation channels.

In Fig. 7, both the linear regression lines fitted through the points over the range
below 80 pA in 4 and 100 pA in B and parabolas fitted by the above equation have
been plotted. Although the linear regression lines fitted the data with a correlation
coefficient (R?) of > 0-99, in order to fit the parabolas, the estimate for ¢ had to be
significantly greater than the value given by the slope of the line, giving estimated
conductances for these examples closer to 10 pS (see figure legend). The parabolic
functions could only be satisfactorily fitted if the current at which p, = 0-5 could be
estimated, and this analysis could therefore only be applied to the examples shown.
For these data, this was 250 pA for CN~ (Fig. 74) and 320 pA for ionomycin (Fig.
7B). This would mean that the maximum current for these cells (i.e. when p, = 1)
was 500 and 640 pA respectively, giving an estimate of a total number of
approximately 2000 channels per cell.

It remains likely, however, that the current is carried by more than one class of
channel, as a small current was seen in response to CN™ in the absence of external
Ca?* that was not associated with an obvious increase in noise. If the contribution
of this component to the net current is significant, this would result in a substantial
underestimate of the single-channel conductance of the channel generating the noise.
These measurements are thus useful primarily for comparative purposes, and direct
measurements of the single channels are required to determine their properties.

Changes in Ca** buffering by CN~
When a larger depolarizing voltage ramp was used to sample currents over the
range from —110 to +30 mV, the form of the I-V relation for the increased gx was

seen to be more complex than indicated above. Figure 84 shows the responses to
such a ramp before and during application of CN~, while Fig. 8 B shows the CN~—-

Fig. 8. A shows the I-V relation of the CN--activated current (arrows) over the range
—110 to +30 mV, shown in B after subtraction of responses before from those during
CN~. An increased conductance close to the resting potential reversed at about —75 mV.
In addition, a sharp increase in the outward current was seen above —35 mV reaching a
plateau between — 10 and + 10 mV. The plateau is the range of peak voltage-gated Ca**
entry (see below), and the inflexion is close to the threshold for the high-threshold Ca?*
current. Blockade of voltage-gated Ca®* entry by 2 mm-cobalt (C) reduced a large
proportion of the outward current generated in response to such ramps, showing the
component of the outward current carried by Ca?*-dependent K* channels activated by
voltage-gated Ca?* entry. Because the outward currents are very large, compensation for
the correspondingly large voltage error has been made in plotting these data.



400 M. R. DUCHEN

induced current obtained by subtraction. In response to CN~, there is an increased
conductance around the resting potential, reversing at about —75 mV, but also a
sharp increase in conductance appearing above —35 mV. This is the threshold for the
high-threshold Ca?* currents (see below). Activation of the Ca?* current raises
[Ca?*);, activating gg(ca), Which will represent a component of the outward current
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40 ms
- |
B
Tf"% ™ —
4
'
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600 ms
N

Fig. 9. 4, in this cell, a step to —10 mV from a holding potential of —70 mV evoked an
inactivating inward Ca?* current followed by a prolonged inward tail current on stepping
back to —70 mV. B, later in the recording from the same cell, the inward current had
largely washed out, but a prolonged depolarizing step still evoked an inward tail, now
much reduced. Application of CN~ (arrows), however, increased both an inward current
at —10 mV, and the inward tail current.

seen in response to the ramp. This is illustrated by the reduction in the outward
current seen in the presence of 2 mM-cobalt (Fig. 8C). The effect of CN~ on the
response is again best explained if the CN~ reduces the ability of the cell to remove
from the cytoplasm the Ca?* brought in by the depolarization, so that, on activation
of the Ca?* current by depolarization, the CN~-induced increase in outward current
is exaggerated. This could account for the increased after-hyperpolarization seen in
the presence of CN~ (Fig. 1C).
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A small number of cells showed very pronounced slowly inactivating inward tail
currents following depolarizing steps (Fig. 94). The current most probably reflects
the activation of a Ca?*-dependent Cl~ conductance (Mayer, 1985) as it has properties
which closely resemble descriptions of that conductance. It was blocked by Ca?*
channel blockers, reversed at Eg (0 mV under these recording conditions) and
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Fig. 10. Effects of CN~ on the high-threshold Ca?* current. 4, a conditioning step to
—35 mV for 2 s preceded the test step to + 10 mV. The responses at + 10 mV are shown
in greater detail in B showing the high-threshold Ca?* current before (1), during (2) and
after (3) application of CN~. CN~ reduced the amplitude of the current and increased the
rate of inactivation at this test potential. While the rate of inactivation recovered to
control values, the amplitude of the current did not. The I-V curves for the current are
shown in C, showing the shift of the activation curve for the current in the hyperpolarizing
direction from the control (@, 1) in the presence of CN~ (O, 2) and the long-lasting
reduction in the peak current (A, 3). The records in 4 and B are each the average of four
responses before, during and after application of CN™.

showed the characteristically very slow inactivation. The current was seen only
occasionally. It therefore proved difficult to study systematically, and could
theoretically also result from a Ca?*-activated non-selective cation conductance. CN~
increased the amplitude and duration of the tail current (Fig. 9B), despite reduction
in the Ca?* current itself (see below).

These findings are again consistent with impaired removal of the Ca?* load
imposed by depolarization, increasing activation of the channels carrying the tail
current.
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Effects of CN~ on calctum currents

One of the major effects of metabolic impairment in the CNS is the failure
of synaptic transmission. As it has been suggested previously that this is a
predominantly presynaptic phenomenon (Hansen et al. 1982; Adams, Takeda &
Umbach, 1985), the Ca?* currents which presumably underlie the control of

A B
Step to 65 mV

Step to -50 mV

CN"
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Vi =80 MV | e S
(o 0
-0-2-
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Fig. 11. Effect of CN~ on the low-threshold Ca?* current. Incrementing depolarizing steps
from a holding potential of —80 mV activated the current. 4, a step to —65 mV activated
a very small inward current at —65 mV, which was clearly increased by CN~ (arrows). B,
a step to —50 mV evoked an almost maximal conductance, which was markedly reduced
by CN~ (arrows). The I-V relations for the current before (@) and during (O) CN~ are
shown in C. The activation range for the current hyperpolarized by 5-8 mV, and the peak
current was reduced. The response was almost completely reversible.

transmitter release were studied. At least two classes of Ca?' current may be
identified in these cells: a low-threshold inactivating current, now commonly referred
to as a T current, and high-threshold currents, now usually referred to a L and N
(Nowycky, Fox & Tsien, 1985). Differentiation between N- and L-type currents is
difficult in whole-cell recordings, as depolarizing steps from holding potentials
negative to —70 mV evoke both T- and L-type currents which summate, suggesting
the presence of an activating component. The currents will therefore be referred to
only as high and low threshold. Study of the Ca?* currents in the present context is
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further complicated by the phenomenon of run-down. Unless ATP and Mg?* were
included in the pipette-filling solution, the high-threshold Ca?* current rapidly
attenuated, and could therefore not be studied. It seems obvious therefore that a
large fall in ATP will lead to a reduction in the amplitude of the Ca** current.
However, failure of synaptic transmission seems to occur before levels of ATP have
fallen significantly (Cox, Morris, Feeney & Bachelard, 1983 ; Bachelard, Cox, Feeney
& Morris, 1985), so the effects of CN~ and/or zero glucose on the currents were
examined with the inclusion of MgATP in the pipette to reduce the rate of run-down.

The peak current carried by both the low-threshold and high-threshold
conductances was irreversibly attenuated following brief applications of CN~.

To examine the high-threshold current separately, conditioning depolarizing steps
to —35 mV were applied for 2 s to allow full inactivation of the low-threshold current
and of any TTX-insensitive Na* current (Fig. 104). A subsequent step to +10 mV
was used to test the slowly inactivating high-threshold current. CN~ increased the
rate of inactivation of the current and decreased its peak amplitude (Fig. 10B) in all
cells tested. While the rate of inactivation of the current returned to control values,
the amplitude of the current usually remained reduced. The I-V relation for the high-
threshold current before, during and after application of CN™ is shown in Fig. 10C.
The threshold for the current was shifted in the hyperpolarizing direction during
application of CN~, returning to the control range on its removal, although the peak
current remained reduced. Addition of leupeptin to the pipette-filling solution made
no apparent difference to the response to metabolic blockade.

Figure 11 shows the response of the low-threshold current to CN~. Again, the
threshold was shifted in the hyperpolarizing direction by CN~, so that the current
could appear to increase if test steps were close to the threshold (Fig. 114 and C),
although the peak current was clearly reduced (Fig. 11B and C). The degree of
reversibility of the response was more variable than with the high-threshold current,
and typically at least partial recovery was seen.

Metabolic blockade and raised [Ca**); also block Iy

Large cells (> 30 um diameter) in this preparation express an inward current
which is activated by hyperpolarization, called Iy by Mayer & Westbrook (1983).
The current activates over 100-200 ms in response to steps to potentials negative to
—70 mV and is non-inactivating.

When repeated steps from —50 to 110 mV were applied during the application of
CN-, FCCP, IAA or ionomycin, an increased outward current was seen at the holding
potential, and an increased inward current was seen immediately on stepping to
—110 mV (Fig. 124), reflecting the increased resting gy discussed above (Figs 2—4).
The time-dependent Iy, however, was clearly reduced by either the inhibitors or by
ionomyecin in all cells tested (n > 30). This is seen in the I-V curve shown in Fig. 6 B
and C, where a slower ramp was used than in Figs 3 and 4. During the control ramp
from —50 to —120 mV, an inward inflexion is seen on the current response which is
absent during the response after application of ionomycin. This is the basis for the
otherwise curious upward inflexion on the difference curve at very negative
potentials seen in Fig. 6B (also seen in Fig. 5D). On removal of the metabolic
inhibitors, the resting current and instantaneous response to the step gradually
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Fig. 12. Effects of CN~ on Iy. A4, steps from —50 to —100 mV activated a slowly
developing inward current. CN~ (arrows) increased both an outward current at —50 mV,
and the instantaneous inward current in response to the step at —100 mV, reflecting the
increased resting conductance. The slowly developing inward current was much reduced,
however. B, the loss of Iy was largely irreversible. Three traces are shown in response to
a step from —50 to —90 mV, the reversal potential of the CN~-induced current. CN~
increased the outward current at —50 mV and reduced Iy (arrows), without changing the
instantaneous current at —90 mV. Iy remained reduced (@) after removal of CN~. C
shows the consequence of the reduced Iy for the behaviour of another cell in current
clamp. The electrotonic response to a 500 pA step shows a hyperpolarization followed by
repolarization to an intermediate level (1) due to activation of Iy. CN~ initially (2)
appeared to increase the voltage response to the pulse and reduced the repolarizing sag,
due to loss of Iy;. A later response (3), still in the presence of CN~, shows more obviously
the consequence of the increased conductance in response to CN~.
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returned to control values, but the time-dependent Iy failed to recover. This is
illustrated further in Fig. 12B. Steps were applied from —50 mV to the reversal
potential of the CN~-induced current, —90 mV. In response to CN~, an increased
outward current was seen at the holding potential (arrows), while only the decreased
I was seen at —90 mV. On removal of the CN™ (@), the holding current returned
to control levels, but Iy remained reduced.

The consequences of these changes in Iy for the behaviour of the cell in current
clamp are illustrated in Fig. 12C. Activation of Iy is responsible for the repolarizing
sag on the electronic potential in response to a hyperpolarizing current step. On
application of CN™, the electrotonic response appeared to grow larger at the steady
state. This could lead to the impression that cell input resistance had increased, while
the instantaneous response shown in voltage clamp above shows clearly that it had,
in fact, decreased.

DISCUSSION

Even transient disturbances in energy supply to the central nervous system lead
to potentially catastrophic changes in CNS function. While it is predictable that
energy deprivation will eventually lead to a fall in the ATP/ADP.P; ratio and
consequent alterations in the activity of membrane pumps and transmembrane ionic
gradients, the relative rates of these changes and their contributions to altered
membrane excitability are less readily predictable. In the present study, some of the
processes that may underlie early and potentially reversible alterations in cell
function have been identified. Within seconds of the application of metabolic
blocking agents, an increased Ca?*-dependent gy develops which hyperpolarizes the
neurones and shunts the membrane. The conductance reflects a rise in resting [Ca?*};
which results, at least in part, from release from an intracellular compartment
(Duchen et al. 1990). Calcium-dependent K* and calcium-dependent Cl~ currents
which are activated by voltage-gated Ca?' entry during depolarization are also
enhanced, reflecting impaired intracellular Ca?* buffering. Voltage-gated Ca®*
currents are reduced, as is Iy, again as a consequence of raised [Ca?*];.

These findings suggest that the primary determinant of the early response of a
population of neurones to metabolic insult will be the array of membrane channels
expressed and the effects of raised [Ca®*]; on their activity. There exists a family of
Ca**-dependent K* channels with variable conductances and with variable voltage
and calcium sensitivities (for recent reviews, see Blatz & Magleby, 1987; Latorre,
Oberhauser, Labarca & Alvarez, 1989). Variations in the channels expressed in
different cells may account for some of the variability in the responses of different
neurones to similar stimuli (see, for example, Biscoe & Duchen, 1989). The expression
of Ca®*-dependent Cl~ channels will also contribute to the response to raised [Ca?*],
differing in different populations of cells according to their treatment of chloride.
Dorsal root ganglion cells accumulate C1~, and will depolarize following activation of
a Cl™-dependent Ca?* conductance, while most central neurones would hyperpolarize
(Owen, Segal & Barker, 1984). No evidence for the expression of ATP-dependent
channels in DRG neurones has emerged in this study. If such channels are expressed
in subpopulations of central neurones (see Bernardi et al. 1988) this might be a
further basis for the differential sensitivity of neuronal populations to hypoxia.
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Some of the effects of metabolic blockade reported here have proved to be
irreversible, contrasting with the reversibility of the change in [Ca?*]; and of the
increased gx(cay (Biscoe et al. 1988; Duchen et al. 1990). Some of the alterations in
membrane conductances described may reflect activation of Ca?*-dependent enzymes
rather than direct effects of Ca?* on channels, leading to irreversible or slowly
reversible alterations in channel function. Alternatively, the irreversibility of the
responses may be related to the dialysis of cytoplasmic factors required for
restoration or maintenance of normal channel function into the patch pipette. Loss
of the Ca?* current may be due to the loss of phosphorylating factors (Kostyuk, 1984 ;
Chad & Eckert, 1986) so that after Ca?*-induced block of Ca?* channels (Lee,
Marban & Tsien, 1985; Morad, Davies, Kaplan & Lux, 1988) during the metabolic
insult, or activation of Ca?*-dependent enzymes that dephosphorylate the channels,
the cells lack the mechanisms needed to restore channel function. Closer correlations
of altered activity of membrane conductances with [Ca?*]); and introduction of
enzyme-blocking agents into the cytoplasm will be required to answer these
questions.

The effect of metabolic inhibitors on Iy was most striking, and also appears to be
due to a rise in [Ca?*];, as it could be affected by ionomycin. This effect of raised
[Ca?*]); on Iy has not been described before. Iy is known to be reduced after
peripheral axotomy (Gallego, Ivorra & Morales, 1987) and after infection of DRG
cells by herpes simplex virus (Mayer, 1986). I, serves to shorten the duration of any
after-hyperpolarization, being activated by hyperpolarization to potentials negative
to about —70 mV, and tending to depolarize the membrane back towards potentials
at which it is inactive. Impaired activity of the current thus increases the duration
of after-hyperpolarizations. Curiously, the macroscopic current is very similar to a
current expressed by the guard cells of plant leaf stomata which has been shown to
be inactivated by a rise in [Ca?*] (Schroeder & Hagiwara, 1989), suggesting a striking
conservation of channel properties (if it is indeed a similar channel).

The CN~-induced gx may be used as an indirect indicator of [Ca?*]. The
conductance was increased despite the addition of ATP or an ATP-regenerating
system to the cell via the patch pipette, suggesting that the rise in [Ca?*] proceeds
independently of the ATP/ADP.P; ratio. The efficacy of added ATP in preventing
wash-out of the Ca?* current suggests that ATP does exchange adequately with the
cytoplasm. These observations could be explained if the increased [Ca®*] is a
consequence not of [ATP); depletion, but rather of the fall in mitochondrial
membrane potential, an expected response to all the agents used (see, for example,
Kauppinen & Nicholls, 1986). Calcium is continuously cycled by mitochondria
(Carafoli, 1979; Crompton, 1985; see Carafoli, 1987, for review), and, as influx is
controlled by the mitochondrial membrane potential (Rottenberg & Scarpa, 1974),
mitochondrial depolarization should reduce Ca?* influx, accounting both for
increased cytoplasmic [Ca®*] (see Heinonen ef al. 1984) and impaired mitochondrial
Ca?* buffering (see Discussion in Duchen ef al. 1990).

The initial response to impaired cell metabolism in the CNS appears to be neuronal
hyperpolarization, decreasing excitability. The increased gx documented in the
present study would reduce the efficacy of synaptic input, shunting EPSPs. Similar
effects have been described in hippocampal neurones by Fugiwara et al. (1987). This
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may be functionally relevant in reducing depolarization-induced Ca?* loading of the
cells (see Duchen et al. 1990), as excessive and prolonged elevation of [Ca?*] may
initiate irreversible cell injury (see Schanne, Kane, Young & Faber, 1979;
Siesjo, 1981; Deshpande, Siesjo & Wieloch, 1987; Somjen, 1989). If presynaptic
terminals express similar conductances, shunting of the membrane may block
conduction of action potentials prevent transmitter release. The attenuation of the
Ca®* current may also reduce stimulus-coupled transmitter release from presynaptic
terminals (Bosley, Woodhams, Gordon & Balasz, 1983 ; Adams et al. 1985). Elevated
[Ca®**]; may increase background, spontaneous transmitter release (Alnaes &
Rahamimoff, 1975; Benveniste, Drejer, Schousboe & Diemer, 1984), decreasing the
signal-to-noise ratio in the CNS. The combination of neuronal hyperpolarization,
impaired synaptic transmission and such disruption of signal processing may well
underlie the impairment of consciousness resulting from hypoxia or hypoglycaemia.
Further release of excitatory amino acids may subsequently lead to depolarization
and thence to excitotoxic neuronal injury (e.g. Van Harreveld, 1959; Clark &
Rothman, 1987; for review, see Mayer & Westbrook, 1987).
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