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Prolonged Activation of 
Mitochondria1 Conductances 

ring Synaptic Transmission 
Elizabeth A. Jonas,' JoAnn Buchanan,' Leonard K. Kaczmarekl* 

Although ion channels have been detected in  mitochondria, scientists have not 
been able t o  record ion transport in mitochondria of intact cells. A variation of 
the patch clamp technique was used t o  record ion channel activity from 
intracellular organelles in the presynaptic terminal of the squid. Electron mi- 
croscopy indicated that mitochondria are numerous in this terminal and are the 
only organelles compatible wi th  the tips of the pipettes. Before synaptic stim- 
ulation, channel activity was infrequent and its conductance was small, al- 
though large conductances (-0.5 t o  2.5 nanosiemens) could be detected oc- 
casionally. During a train of action potentials, the conductance of the mito- 
chondrial membrane increased up t o  60-fold. The conductance increased after 
a delay of several hundred milliseconds and continued t o  increase after stim- 
ulation had stopped. Recovery occurred over tens of seconds. 

Intracellular calcium stores are important in 
the function of excitable cells (1, 2). For 
example, mitochondrial calcium uptake fol- 
lowed by rapid re-release from the mitochon- 
drial matrix shapes the time course of calci- 
um transients during synaptic activity and 
prolongs the elevated levels of intracellular 
calcium (also called "residual calcium") that 
underlie post-tetanic potentiation (PTP) (3). 

Mitochondria take up calcium in response to 
localized elevations in calcium (4). Extn~sion 
of protons from the inner mitochondrial matrix 

produces a large (- 160 to -200 mV) voltage 
gradient across the inner mitochondrial mem- 
brane (5). Calcium can therefore flow readily 
along its electsochemical gradient into the mi- 
tochondrial matrix (6). At rest, the level of free 
calcium in the matrix is similar to the cytosolic 
level, but total mitochondrial calcium can in- 
crease markedly during depolarization (2, 7). 
High levels of intramitochondrial calcium inter- 
act with matrix enzymes and then exit rapidly, 
which allows the mitochondria to regain their 
pre-stimulation levels within 5 min of a cyto- 
solic load (2. 8). \ ,  

Studies on isolated mitochondria or artificial 
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intact cells. We have recently described the use 
of such a technique (14), and we have applied 
it here to the giant presynaptic terminal of the 
squid. 

With electron microscopy, we determined 
that the dominant structures in the central re- 
gion of the presynaptic terminal are mitochon- 
dna and neurofilaments (Fig. 1) (15). Clusters 
of synaptic vesicles occur at active zones and, 
occasionally, in more central regions. Vesicle 
size (50 nm) is too small, however, to allow seal 
formation across the tips of the pipettes. Thin 
strips of membranes, possibly from endoplas- 
mic reticula, could also be detected sometimes 
but accounted for less than -2% of the internal 
membranes. Thus the mitochondria (Fig. l), 
whose cross-sectional diameters range from 
-300 to 1200 nm [mean = 575 iz 181 (SD) 
nm, n = 151 are the only internal organelles that 
are compatible with seal formation by the patch 
pipettes, which have tip diameters of - 180 to 
200 nm (1 6). 

Seals (0.5 to 6.0 gigohm) were obtained in 
94 experiments using the technique in (1 7); 
71 of the 94 seals were greater than 1.5 
gigohm. The successful recordings represent- 
ed approximately 40% of attempts. When a 
fluorescent lipophilic dye was included in the 
patch pipette, a fluorescent signal could be 
detected only after a high-resistance seal was 
obtained (n = 7). The fluorescent signals in 
all the dye experiments were located within 
the large terminal finger of the presynaptic 
terminal (1 8). 

After formation of a gigohm seal, the poten- 
tial of the patch was set between - 100 and 
+ 100 mV to record the spontaneous and volt- 
age-dependent activity in the membranes. We 
observed spontaneous channel activity in 50% 
of the seals (n = 47 out of 94) and the ampli- 
tude of such activity was usually low. In many 

www.sciencemag.org SCIENCE VOL 286 12 NOVEMBER 1999 1347 



R E P O R T S  

cases, unitary openings of 2 to 4 pA at + 100 nels. A large voltage-dependent conductance 
mV were detected. These openings occurred was also observed (n = 5) (Fig. 2C). A striking 
infrequently and were difficult to detect at mul- characteristic of this type of channel is that it 
tiple potentials. In 11 experiments, however, opened only after repeated depolarizations of 
more frequent openings were detected at all the patch, usually to pipette potentials >+40 
potentials (Fig. 2). The current-voltage plot in mV (Fig. 2D). The conductances of these chan- 
Fig. 2B summarizes data from these 11 chan- nels ranged from 0.5 to 2.5 nS with multiple 

Fig. 1. Miiochondria in the 
squid presynaptic terrni- 
naL (A) Electron micro- 
graph of a section of a 
squid presy~ptic terrni- 
naL Miiochondria in the 
central region of the ter- 
minal are indicated by ar- 
mws. Clusters of synaptic 
vesides (V) are adjacent 
to the presynaptic plasma 
membrane where it con- 
tacts the postsynaptic 
axon. Internal membranes 
are denser in the postsyn- 
aptic axon, which is seen 
at the bottom of the mi- 
crograph. (B) View of mi- 
tochondria and neurofila- 
ments in the presy~ptic 
terminal at  higher power. 

subconductance states and could be observed in 
the same patches that also contained the smaller 
conductance activity. 

Next we stimulated the presynaptic terminal 
while recording from an intracellular patch. 
Trains of action potentials were elicited at 20 
Hz for several seconds, and parallel experi- 
ments showed that synaptic transmission was 
maintained throughout these trains (19). Figure 
3A shows the change in conductance of an 
intracellular membrane seal during synaptic 
transmission. Before stimulation, infrequent 
small-conductance channels were observed. 
Activity increased markedly in 17 of 26 stimu- 
lated termini during the stimulus train. After 
stimulation of the presynaptic nerve ceased, the 
enhanced activity continued and, in many cas- 
es, increased in amplitude for several seconds 
(Fig. 4). Activity gradually decreased in fre- 
quency and in amplitude over the following 5 to 
30 s (Figs. 3B and 4). After the first presynaptic 
stimulus, the time to onset of increased activity 
was 0.726 ? 0.183 s (n = 7). 

The increased channel activity on the intra- 
cellular membrane did not occur sirnultaneous- 
ly with the opening of the plasma membrane 
channels. It did outlast action potential firing, 
which suggests that the activity might depend 
on an intracellular second messenger. During 
synaptic stimulation, there is a buildup of cal- 
cium in the presynaptic terminal (3). We elirn- 
inated calcium from the external medium and 
recorded channel activity from intracellular 
membranes as before. There was no response to 
stimulation of the presynaptic terminal in a 
calcium-deficient bathing medium (Fig. 3C) 

Fig. 2. Types of channel activity observed on intracellular organelles in 
squid presynaptic terminals (25). (A) Channel activity recorded at 
different potentials. The patch was excised into a bath containing 574 
mM sodium citrate. (B) Current-voltage relationship for channel activ- 
ity from 11 patches (A). The mean conductance for this group is 28 pS 
(error bars represent +SE). (C) Large-conductance voltage-dependent 
channel in an intracellular patch recorded at +lo0 mV. (D) Current- 

1% PA 

500 ms 
voltage relation in a patch containing a channel similar to that shown 
in (C) in another experiment, where repeated depolarization resulted in 
activation of a Large (2.5 nS) conductance channel at depolarized potentials. Currents plotted (A) represent total patch current. Discernible openings 
of the Large conductance channel were detected only at potentials >+40 mV. 
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(n = 5). In addition, experiments were canied 
out after treatment of the ganglia with the mi- 
tochondrial uncoupling agent FCCP (carbonyl 
cyanide p-trifluoromethoxyphenyIhydrazone; 
10 pM solution for 20 min), which also elimi- 
nated the increase in conductance upon stimu- 
lation (n = 6). FCCP also eliminated potentia- 
tion of synaptic responses after stimulation in a 
1.75 mM external Ca2+ bathing medium (n = 

4) (20). 
To determine whether the increased activity 

was restricted to the presynaptic terminal, we 
compared these results to those obtained from 
recordings within the postsynaptic cell. Seals 

within the postsynaptic axon did not respond to 
stimulation (n = 5), which suggests that this 
enhanced activity mostly occurs at the presyn- 
aptic site (Fig. 3D). 

Several discrete levels of conductance were 
detected. Further analysis of the timing of the 
onset of the increased conductances for one 
presynaptic patch is shown in Fig. 4, A and B. 
Small-conductance activity (-28 pS) was 
present before stimulation (Fig. 4A, top). The 
conductance increased during stimulation and 
increased even more after stimulation ceased, 
as larger conductance levels were recruited into 
the patch. The total conductance gradually de- 

- 
20 Hz stimulus 

creased, eventually leaving the patch quiescent 
about 15 to 30 s after stimulation. The corre- 
sponding amplitude histograms are shown in 
Fig. 4B. In some experiments, the progressive 
increase in conductance occurred in several dis- 
crete bursts, after which the membrane returned 
to its quiescent state (18). The appearance of 
larger conductances or bursts or both may re- 
flect the recruitment of additional channels or 
changes in the gating behavior of channels al- 
ready active in the patch. 

The current-voltage plot for a patch before 
and after a train of action potentials is shown in 
Fig. 4C. Before stimulation, a conductance of 

30 sec 40 

Fig. 3. Change in conductance on an intracellular organelle during syn- - aptic transmission. (A) During a train of action potentials, there was a 
20 Hz stimulus change in activity of the patch. The patch was held at +lo0 mV during 

the recording. (B) Mean time course of activity on intracellular patches 
evoked by sGmuiation (+) of the presynaptic terminal. ~urrents'evoked 

D postsynapticaxon after the end of a stimulus train were integrated in successive 5-s epochs 
and normalized to  the maximal 5-s integral in each experiment. The time - course shows the mean 2 SEM for six experiments. (C) Stimulation failed 

1 o p ~  to alter the conductance properties of an organelle patch within a 
20 Hz stimulus terminal exposed to  calcium-free medium for 20 to 40 min. The patch 

1 s was held at + 100 mV. (D) Stimulation failed to  increase the conductance 
of seals within the postsynaptic axon. The stimulating electrode was 

placed on the presynaptic nerve (n = 4), or the postsynaptic axon (n = 1). The patch was held at +I00 mV. 

m 
20 Hz stimulus 

Fig. 4. Increasing amplitude conductances recruited after stimulation. (A) 
Conductance changes in a patch during and after stimulation of the 
presynaptic nerve. Before stimulation, there is no large-conductance 
activity (upper trace), but recruitment of larger conductances occurs over 
the first 15 s after stimulation (middle trace), immediately followed by 
a decrease in  activity (bottom trace). The patch was held at +I00 
mV. (B) Successive amplitude histograms of data shown in (A). 
Progressive recruitment of discrete peaks of larger conductances is 
evident. (C) Typical current-voltage relation for an evoked response 
obtained from an on-organelle patch. Control currents repre- 

n control 404 J 
A stimulated 

control 1% PA 
I n 

stimulated I 

sent the measurements of the openings of the small-conductance 
channel in the patch. Currents evoked after repeated stimulation of 
the presynaptic nerve represent total patch current, after subtraction 
of leak current that was measured before stimulation. (D) Depolar- 
ization-sensitive channel openings in  a stimulated patch. Recordings 
are at + 100 mV in the control (before stimulation, upper panel) and 
after stimulation (lower panel). Activity after stimulation was evident 
only at depolarized potentials, similar t o  the channel activity shown 
in  Fig. 2, C and D. A small-conductance opening can be seen in the 
prestimulation recording. 
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-28 pS was observed. After stimulation, the 
peak conductance was 420 pS, and the current- 
voltage relationship remained linear. Ion substi- 
tution experiments on such patches that had 
been excised after stimulation indicated that the 
peak conductance was largely carried by cat- 
ions, and that potassium was slightly more per- 
meant than sodium (18). In other experiments 
(n = 4), stimulation triggered the activation of 
a voltage-sensitive channel (Fig. 4D). Before 
stimulation, only small-conductance infrequent 
openings were observed. After stimulation, 
large multiple-conductance activity of up to 2.5 
nS was observed upon depolarization of the 
patch. The voltage dependence of these chan- 
nels appeared to be identical to the channels 
presented in Fig. 2D; that is, the channel open- 
ings were detected only at potentials positive to 
+40 mV. 

There is a large increase in conductance on 
intracellular membranes in response to synaptic 
activity, and this change depends on the pres- 
ence of extracellular calcium. The conductance 
change may result from the combined activity 
of several ion channel types. Because the volt- 
age-dependent anion channel (VDAC) is the 
predominant protein in the outer mitochondrial 
membrane, it is possible that this protein con- 
tributes to the activation of the conductance we 
observed during synaptic transmission. In re- 
constitution experiments, VDAC has wide ion 
selectivity with multiple conductances of up to 
4 nS (10). A channel with a strong voltage 
dependence similar to that shown in Fig. 2D has 
been detected in recordings of inner mitochon- 
drial membranes (11). Openings of this chan- 
nel, however, occurred upon depolarization of 
the mitochondrial membrane, whereas a posi- 
tive patch potential in our experiments would 
be expected to hyperpolarize intact mitochon- 
dria. Thus, it is possible that in experiments in 
which the large-conductance voltage-dependent 
channel was detected, recordings were made in 
the "whole-organelle" configuration. Rigorous 
comparisons are, however, difficult because the 
properties of an ion channel recorded on the 
membrane of an organelle in situ may differ 
from that of the same channel expressed in 
bilayers or on an isolated organelle. For exam- 
ple, the conductance of VDAC has been shown 
to be affected by enzymes present in the inter- 
membrane space (21). Moreover, the mem- 
brane potential across the patches in our exper- 
iments is not known, and apparent conductance 
may also be altered by the capacitance and 
resistance of the organelle itself and by local ion 
concentrations. 

The conductance change during synaptic 
stimulation depends on calcium entry into the 
terminal. It is possible that this change reflects 
calcium entry into the inner matrix of the mi- 
tochondria. Under some experimental condi- 
tions, calcium permeability of the inner mito- 
chondrial membrane is sensitive to elevated 
levels of matrix calcium (12). Permeability may 

also be increased by mitochondrial membrane 
depolarization (22) and by matrix alkalinization 
(23), both of which occur when calcium enters 
the mitochondria. The inner and outer mem- 
branes fonn linkages at contact sites, which 
may couple the activity of channels in the two 
membranes (24). Thus it is possible that inner 
membrane activity could be recorded with the 
patch pipette on the outer membrane. 

The facts that the calcium-dependent 
change in mitochondrial conductance we 
have described outlasts the period of stimula- 
tion and that its time course closely matches 
that of post-tetanic potentiation, a phenomenon 
that requires mitochondrial integrity (3), sug- 
gest that the activation of mitochondrial con- 
ductances contributes to synaptic plasticity. 
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