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Abstract

Background: The mechanisms of action of volatile anaesthetics are unclear. Volatile anaesthetics selectively inhibit
complex I in the mitochondrial respiratory chain. Mice in which the mitochondrial complex I subunit NDUFS4 is knocked
out [Ndufs4(KO)] either globally or in glutamatergic neurons are hypersensitive to volatile anaesthetics. The volatile
anaesthetic isoflurane selectively decreases the frequency of spontaneous excitatory events in hippocampal slices from
Ndufs4(KO) mice.

Methods: Complex I inhibition by isoflurane was assessed with a Clark electrode. Synaptic function was measured by
stimulating Schaffer collateral fibres and recording field potentials in the hippocampus CA1 region.

Results: Isoflurane specifically inhibits complex I dependent respiration at lower concentrations in mitochondria from
Ndufs4(KO) than from wild-type mice. In hippocampal slices, after high frequency stimulation to increase energetic
demand, short-term synaptic potentiation is less in KO compared with wild-type mice. After high frequency stimulation,
both Ndufs4(KO) and wild-type hippocampal slices exhibit striking synaptic depression in isoflurane at twice the 50%
effective concentrations (ECsg). The pattern of synaptic depression by isoflurane indicates a failure in synaptic vesicle
recycling. Application of a selective A; adenosine receptor antagonist partially eliminates isoflurane-induced short-term
depression in both wild-type and Ndufs4(KO) slices, implicating an additional mitochondria-dependent effect on
exocytosis. When mitochondria are the sole energy source, isoflurane completely eliminates synaptic output in both
mutant and wild-type mice at twice the (ECsp) for anaesthesia.

Conclusions: Volatile anaesthetics directly inhibit mitochondrial complex I as a primary target, limiting synaptic ATP
production, and excitatory vesicle endocytosis and exocytosis.
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Editor’s key points

e Excitatory synaptic transmission is hypersensitive to
volatile anaesthetics in mitochondrial complex I mu-
tants by unclear mechanisms.

e Isoflurane inhibited both respiration and excitatory
transmission to a greater extent in complex I mutant
compared with wild-type mice.

e This effect appears to involve reduced ATP synthesis
and failure of synaptic vesicle endocytosis, which
limits high-frequency excitatory synaptic
transmission.

e The underlying mechanisms and role of this effect
under physiological conditions require further study.

Mitochondrial complex I, the rate-limiting step of electron
transport in the nerve terminal,’ is a potentially important
direct target of volatile anaesthetics.”* Early studies showed
that mitochondrial function was sensitive to volatile anaes-
thetics and that complex I is the only member of the electron
transport chain* that displays meaningful sensitivity to
volatile anaesthetics.””’ Across the animal kingdom, com-
plex I deficient organisms are hypersensitive to volatile
anaesthetics.® 7' Complex I is unique in the electron trans-
port chain in its contribution to volatile anaesthetic
sensitivity.'>!?

Ligand-gated ion channels were long hypothesised to be
critical volatile anaesthetic targets,’>'* but animal models
testing their role by mutating candidate proteins either failed
to show an effect, or showed only a modest change in vola-
tile anaesthetic sensitivity.'>'® In contrast, knockout mice
lacking the mitochondrial complex I subunit NDUFS4
[Ndufs4(K0)]*”~*° are remarkably hypersensitive to isoflurane
and halothane at postnatal day 25—30 (before developing
detectable pathology),’ with an 50% effective concentration
(ECs0), one-third that of normal animals. Our previous elec-
trophysiological data revealed that the frequency of spon-
taneous excitatory synaptic currents in the hippocampal
CA1 region was selectively hypersensitive to isoflurane in
these mice.®> Others have shown that this mouse model is
defective in endocytosis because of deficiencies in mito-
chondrially derived ATP at the synapse.?° In addition, local-
ised knock-down of NDUFS4 in various central nervous
system regions led to shifts in anaesthetic sensitivity in
otherwise wild-type mice.?! Energetically demanding condi-
tions might further unmask the effects of isoflurane on
neuronal function.

Here, we tested the sensitivity of mitochondria to iso-
flurane, and subjected control and Ndufs4(KO) hippocampal
CA1 slices to high frequency stimulation. We recorded field
excitatory postsynaptic potentials (fEPSPs) with and without
isoflurane under multiple conditions designed to reveal
mechanisms underlying anaesthetic sensitivity in both
control and Ndufs4(KO) hippocampal slices. Our findings
indicate that isoflurane directly inhibits mitochondrial
complex I. Downstream effects on synaptic function are
most striking under conditions of high energy demand or
loss of glycolytic capacity. Thus, complex I function in
excitatory neurons is tightly linked to volatile anaesthetic
sensitivity.

Methods
Animals

Animal experiments were performed in accordance with the
recommendations of the Guide for the Care and Use of Labo-
ratory Animals of the National Institutes of Health and were
approved by the Institutional Animal Care and Use Committee
of Seattle Children’s Research Institute. Male and female 23—30
day-old mice of either Ndufs4(KO) or their sibling control ge-
notype (‘wild-type’) were used as described.> Hippocampal sli-
ces prepared as described® from wild-type mice, GABAergic-
specific Ndufs4 KO (Gad2"®*:Ndufs4*/%), glutamatergic
(VGLUT2)-specific Ndufs4 KO (Slc17a6™+::Ndufs4?®), and
cholinergic-specific Ndufs4 KO (Chat“®*:Ndufs4'°*%) were
compared with slices of their siblings heterozygous for Ndufs4'
and heterozygous for the Cre driver.’

Chemicals

Picrotoxin (Tocris, Bristol, United Kingdom) at 50 pM was used
to block GABA, receptors in field recordings. 8-Cyclopentyl-
1,3-dipropylxanthine (DPCPX; Sigma, St. Louis, MO) at 200 nM
was used to inhibit A; adenosine receptors in field recordings.

Polarography

Mitochondria from whole brain were isolated as described.??
Mitochondrial respiration was measured with a Clark
electrode (Oxygraph-K2; Oroboros Instruments, Innsbruck,
Austria) in 2000 pl assay medium MiRO05 (http://wiki.oroboros.
at/index.php/MiPNet14.13_Medium-MiR06) at 30°C. A run
consisted of sequential injections of: (i) up to 400 pg mito-
chondria; (ii) 130 nmol ADP to test for presence of internal
electron donors; (iii) complex I-dependent electron donor
substrates 10 mM pyruvate plus 5 mM malate, 4 mM ADP for
maximal state 3 respiration; (iv) one chamber received two
injections with 13.4 mM isoflurane in MiR05, while the other
chamber received the same doses of vehicle (MiRO5 without
anaesthetic). Both assay chambers were then opened
for 10 min to remove anaesthetic and replenish oxygen. Re-
covery of respiration was measured followed by injection
of 2 uM rotenone. Complex I-dependent oxidative phosphor-
ylation was calculated as rotenone-sensitive state 3
respiration [pmolp; st mg{,}otein]. Data were normalised first
to the initial state 3 rate before injections of isoflurane/
vehicle and then to vehicle treatment. Complex II-dependent
respiration was measured using 13 mM succinate in
the presence of 2 uM rotenone. At the end of each run 4 uM
antimycin A was injected. The antimycin A-sensitive state 3
rates [pmolo, 5 Mgprotein] Were used for normalisation.

Field recordings

Field recordings were performed as described.® Briefly, the
stimulating electrode was positioned in the area of Schaffer
collateral fibres, and the recording electrode was placed in CA1
stratum radiatum to record fEPSPs. Fibres were stimulated
every 30 s for 10 min for baseline activity, and for at least
60 min after high-frequency stimulation (HFS). fEPSPs during
and after HFS were normalised to their average values for each
recording during the final 10 min before HFS. HFS consisted of
three 1-s trains at 100 Hz, delivered at 20 s intervals. In paired-
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pulse experiments a 60 ms interpulse interval was used.
Isoflurane-containing solution was superfused for 40 min
before HFS, and for the duration of the experiment. The syn-
aptic input/output curve was constructed by varying stimu-
lation amplitude in the 100—500 pA range (Supplementary
Fig. S1).

Statistical analysis

Electrophysiology traces were analysed with pClamp 10 soft-
ware (Axon Instruments). Fibre volley (FV) amplitude was
measured in relation to baseline potential immediately before
the stimulus. fEPSPs were quantified by linear regression
applied to their initial slope. FV amplitudes and fEPSP slopes
were normalised to their corresponding means obtained
during 10 min immediately before HFS. Data during HFS and
post-HFS were analysed by fitting generalised least squares
linear model with an autoregressive correlation structure
followed by Tukey multiple comparisons test. Paired-pulse
ratios were analysed with one-way repeated measures anal-
ysis of variance with post-Holm—Sidak test multiple com-
parisons against the paired-pulse ratios before HFS. Decay
time constants were obtained by fitting the mono-exponential
decay function for each recording to the decaying portion of
the fEPSP during each HFS train. Statistical analyses were
conducted using R version 3.3.0.272° Figures were generated
using ggplot2 package.?® Significance level was selected as
0.05.

Results

Isolated Ndufs4 knockout mitochondria are
hypersensitive to isoflurane

To test whether Ndufs4(KO) mitochondrial complex I is more
sensitive to isoflurane than in control mice, we exposed
mitochondria from each genotype to isoflurane. Baseline
complexIdependent oxygen consumption rates for Ndufs4(KO)
and control mitochondria were 0.9(0.3) and 1.7(0.6) nmolgy s *
mgg,lotein, respectively. The 50% inhibitory concentration (ICso)
for complex I dependent respiration was 0.16 mM isoflurane in
Ndufs4(KO) mitochondria and 0.31 mM isoflurane in control
(Fig. 1a). Complex Il dependent respiration was not appreciably
inhibited in either genotype (Fig. 1b). Ndufs4(KO) mitochondria
were both less active at baseline and more sensitive to
isoflurane inhibition than were control mitochondria. As both
complex I and II-dependent respiration require the activities
of complexes III-V, the defect in the mutant is in hypersensi-
tivity of complex I to isoflurane (Fig. 1c). Thus, while isoflurane
inhibits complex I in normal mice as seen here and by
others,®”?’ it causes greater depression of complex I depen-
dent respiration in Ndufs4(KO).

HFS induces short-term depression in Ndufs4(KO)
slices exposed to isoflurane

As a mitochondrial defect might limit energy production at the
synapse, we measured the dependence of CA1 fEPSPs on CA3
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Fig. 1. Isoflurane reversibly inhibits complex I dependent oxidative phosphorylation. ADP-stimulated respiration (state 3) of mitochondria
from whole mouse brain was measured with a Clark electrode. (a) Complex I dependent state 3 respiration powered by pyruvate and
malate was inhibited by isoflurane in a dose dependent fashion. The knockout (KO) was hypersensitive to isoflurane compared with wild-
type with estimated ICs values of 0.16 mM for the KO and 0.31 mM for control [* denotes significant difference (P=0.0013) between the
genotypes at 0.34 mM isoflurane]. The absolute initial rates for KO and wild-type were significantly different [KO: 0.9(0.3), control: 1.7(0.6)
nmolg, st mg;}otein, P=0.035]. Inhibition was fully reversible after 10 min of removal from isoflurane. (b) Complex II dependent state 3
respiration was minimally affected for either genotype. In wild-type mitochondria inhibition caused by the highest isoflurane concen-
tration, although small, was not reversible. (c) Diagram of the electron transport chain to illustrate electron flow (arrows) and site of
isoflurane inhibition. Data presented as mean (standard deviation), n>4.
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Fig. 2. Ndufs4(KO) inhibits short-term potentiation (STP) after high frequency stimulation and leads to short-term depression in the
presence of isoflurane. (a) The depiction of the experimental flow. Axons from CA3 are stimulated and postsynaptic potentials in CA1 are
recorded. (b) Representative traces recorded during baseline, 2 min after high-frequency stimulation (HFS) and 20 min after HFS in wild-type
and Ndufs4(KO) hippocampal slices in the absence of isoflurane. (c) In the absence of isoflurane, compared with wild-type, there is less STP
after HFS in Ndufs4(KO) slices [control: n=10 slices, Ndufs4(KO): n=9 slices]. (d) There are small, but statistically significant, differences in
field excitatory postsynaptic potentials (fEPSPs) during HFS trains in the absence of isoflurane. We interpret those differences as not bio-
logically substantial. (e) Representative traces recorded during baseline, 2 min after HFS and 20 min after HFS in wild-type and Ndufs4(KO)
slices in 0.25 mM isoflurane. (f) Ndufs4(KO) slices pre-exposed to 0.25 mM isoflurane show pronounced short-term depression after HFS
[control: n=8 slices, Ndufs4(KO): n=9 slices]. (G) There are no differences between genotypes in fEPSPs during the first HFS train. fEPSPs in
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presynaptic fibre volleys (FVs, measure of action potential
propagation in presynaptic axons). CA1l responses to single
pulse stimulation were similar in KO and control slices in the
absence of isoflurane (Supplementary Fig. S1) as were paired-
pulse responses (see Zimin and colleagues®).

We measured responses of control and Ndufs4(KO) slices to
repetitive high frequency stimulation to increase energy de-
mand (Fig. 2a). fEPSPs evoked 2—8 min after HFS were char-
acteristically’® potentiated in control but less potentiated in
Ndufs4(KO) slices. fEPSPs from 8.5 min after HFS for up to 1 h
after HFS were not significantly different between the geno-
types (Fig. 2b and c). Long-term potentiation (1 h after HFS)
reached ~120% of baseline in both genotypes. The FV ampli-
tudes were not affected by HFS in control and Ndufs4(KO) slices
(data not shown). We conclude that the decrease in short-term
potentiation (STP) of fEPSPs in Ndufs4(KO) synapses is a result
of an energetically demanding process downstream from ac-
tion potential propagation to the presynapse.

Repetitive stimulation, leading to loss of short-term syn-
aptic potentiation as in the mutant, is thought to be due pri-
marily to depletion of synaptic vesicles of the readily releasable
pool.? To determine whether diminished STP observed in
Ndufs4(KO) synapses can be explained by differences in the
rates of recovery of synaptic vesicles during HFS or inhibition
of vesicular release, we examined responses to three trains of
HFS (Fig. 2d). While mutant fEPSPs were decreased compared
with control pulses during all three trains, there did not appear
to be any biologically important differences between geno-
types in the magnitudes of fEPSPs (Fig. 2d), decay of pulses
during HFS (Supplementary Table S1), or recovery between
trains of HFS (Fig. 2d). In the absence of isoflurane, there was no
apparent effect on the readily releasable pool of synaptic ves-
icles during the three trains of HFS. We conclude that, in the
absence of isoflurane, only small synaptic differences exist
between Ndufs4(KO) and control slices.

Exposure of hippocampal slices to 0.25 mM isoflurane (~2X
the ECsp for anaesthesia in the KO but < ECsg for control) led to
~20% more fEPSP depression in Ndufs4(KO) slices than in con-
trols (Supplementary Fig. S2a). Following HFS, fEPSPs 30 s to
5.5 min after HFS were dramatically depressed in Ndufs4(KO)
slices compared with control slices (Fig. 2e and f). This is most
consistent with a loss of the readily releasable pool of synaptic
vesicles in neurones in the KO slices. At later time points, from
6 min to 1 h after HFS, there were no differences between
genotypes.

Isoflurane could affect the rate of depletion of synaptic
vesicles (exocytosis) or the rate of recovery of the readily
releasable pool of vesicles after depletion (endocytosis). We
therefore examined individual potentials during the three
trains of HFS. In both genotypes, slices pre-exposed to 0.25 mM
isoflurane (Fig. 2g, Supplementary Table S1) were similar in
control and Ndufs4(KO) slices in the first train (Fig. 2g), with a
pattern of potentiation followed by similar rates of depression
of fEPSPs (Supplementary Table S1). However, the first several
pulses of the second train showed fEPSP potentiation in con-
trol slices and depression in Ndufs4(KO) slices (Fig. 2g). The
mutant was unable to recover 20 s after the initial 1 s

stimulation of 100 Hz. The third train never showed potenti-
ation in the KO, completely unlike control slices. This in-
dicates that in the mutant isoflurane inhibited STP after HFS
by slowing the rate of recovery of the readily releasable pool of
vesicles after depletion. The rate of depression was also slower
in Ndufs4(KO) slices in second and third trains compared with
control slices (Supplementary Table S1). The cause for the
changed slope of decay of fEPSPs in the mutant could repre-
sent an additional effect on exocytosis or delayed recovery
(endocytosis) such that vesicles are still being delivered to the
presynapse during stimulation.

Volatile anaesthetics can enhance GABAergic function,
potentially increasing inhibitory neurotransmission.?° To test
whether increased inhibitory neurotransmission from anaes-
thetic exposure contributes to short-term depression of
excitatory neurotransmission after HFS, 50 pM picrotoxin
(PTX) was added to the bath (Supplementary Fig. S3). Appli-
cation of PTX in the absence of isoflurane caused HFS-induced
short-term depression in the Ndufs4(KO), but not in control
slices (Supplementary Fig. S3a). We propose that the loss of
GABAergic inhibitory input leads to additional energetic de-
mands in excitatory synapses causing short-term inability to
regenerate the readily reversible pool of vesicles.

Isoflurane-induced fEPSP pre-HFS depression was not
significantly affected by PTX in either genotype
(Supplementary Fig. S2a). PTX did not alleviate HFS-induced
short-term and long-term fEPSP responses in the presence of
0.25 mM isoflurane for either genotype (Supplementary
Fig. S3b). We conclude that isoflurane-induced enhancement
of inhibitory input does not contribute to short-term depres-
sion in Ndufs4(KO) after HFS and isoflurane exposure.

Neuronal type-specific loss of NDUFS4

Glutamatergic (vGLUT2)-specific Ndufs4(KO) animals have the
same hypersensitivity to isoflurane and halothane as the
global Ndufs4(KO), while GABAergic (GAD2) and cholinergic
(ChAT)-driven Ndufs4(KO) demonstrate normal sensitivity to
those anaesthetics.> We tested whether loss of NDUFS4 in
these cell types recapitulated synaptic findings in the global
KO. If isoflurane controls anaesthetic sensitivity by affecting
the readily releasable pool of synaptic vesicles, then the effects
of isoflurane on STP in cell specific KOs would reveal whether
this phenomenon alone predicts anaesthetic behaviour.
Glutamatergic (vGLUT2)-specific Ndufs4(KO), GABAergic
(GAD2)-specific Ndufs4(KO), and cholinergic (ChAT)-specific
Ndufs4(KO) hippocampal slices were subjected to HFS. In the
absence of isoflurane, each of the three transmitter-specific
Ndufs4(KO) lines had reduced STP compared with control sli-
ces after HFS (Supplementary Figs S4a, S5a and S6a). The
patterns of fEPSPs within trains of HFS were similar between
mutant and control slices (Supplementary Figs S4b, S5b and
Séb, Supplementary Table S2).

Exposure of all three transmitter-specific Ndufs4(KO) line
hippocampal slices to 0.25 mM isoflurane led to fEPSP depres-
sion in the absence of HFS that was not different from the
controls (Supplementary Fig. S2f—h). Exposure to 0.25 mM

Ndufs4(KO) slices do not recover after the first and second HFS train as evidenced by the smaller than baseline initial fEPSPs of the second
and third trains. Here and in subsequent figures, the black downward arrow represents the first HFS train, and error bars represent standard
error of the mean, unless stated differently. Red dots show statistically significant differences between wild-type and Ndufs4(KO) slices.
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isoflurane led to short-term depression after HFS in the GAD2-
specific and vGLUT2-specific Ndufs4(KO) slices, but not in the
ChAT-specific Ndufs4(KO) slices (Supplementary Figs S4c, S5c
and S6c). First fEPSPs of the second and third trains of the
vGLUT2-specific and GAD2-specific KO strains also showed
depression from baseline similar to the global KO, while con-
trol and ChAT-specific KO slices showed recovery from HFS in
each train (Supplementary Figs S4d, S5d and S6d). Decreased
STP is not sufficient to predict the anaesthetised state as the
GAD2-specific KO is not anaesthetic hypersensitive yet shows
decreased STP during isoflurane exposure. It is possible that
the mechanism of HFS-induced decrease of STP in GAD2-
specific KOs is different from that in the global KO. In the
GAD2-specific KO, isoflurane may decrease output of
GABAergic neurons after HFS. This, in turn, could lead to
relatively increased input to excitatory neurones resultingin a
short-term energy deficit and reduced STP, explaining a
mismatch between the STP decrease in slices and isoflurane
sensitivity in whole animals. However, we do interpret the
results to indicate that energy failure does occur in the pres-
ence of isoflurane after HFS.

Effects of isoflurane concentrations normalised to
behavioural effects for each genotype

Isoflurane at 0.25 mM was ~2 ECsp for Ndufs4(KO) mice but ~0.7
ECsp for control mice in the data above. Exposure of control
and Ndufs4(KO) hippocampal slices to their respective ECsg
isoflurane concentrations for anaesthesia in the whole animal
[ECs0 (KO) ~0.12 mM; ECsp (CTRL) ~0.35 mM)] led to depression
of fEPSP responses in the absence of HFS (Supplementary
Fig. S2b). Responses after HFS were similar at ~1.4 ECsg
(0.17 mM isoflurane for the KO and 0.5 mM isoflurane for
control) isoflurane in both genotypes (Fig. 3a). Slices from both
genotypes had similar short-term depression followed by
potentiation and return to baseline levels by 1 h after HFS
(Fig. 3a). Responses during all three trains of HFS were similar
at ~1.4 ECso in both genotypes (Fig. 3b, Supplementary
Table S1).

Exposure to ~2 ECsg (0.25 mM isoflurane for KO and 0.74 mM
isoflurane for control) led to greater depression of fEPSPs
before HFS in control slices than in Ndufs4(KO) slices
(Supplementary Fig. S2c). HFS in slices exposed to ~2 x ECsg led
to similar fEPSP responses in STP (from 2 to 8.5 min after HFS,
Fig. 3c) in both genotypes. Long-term fEPSP responses (8.5 min
after HFS) were not potentiated in control slices, but were
potentiated to ~130% at 15 min after HFS in the KO. This effect
gradually decayed over 60 min (Fig. 3c). fEPSPs during HFS in
the Ndufs4(KO) slices showed less initial facilitation in the first
train than in control, while initial fEPSPs of the second and
third train were similarly depressed in both genotypes
(Fig. 3d). Both genotypes displayed a decrease in the readily
releasable pool by the second train. Facilitation of subsequent
pulses of the second and third trains was smaller in the KO
(Fig. 3d), although rates of depression were similar in both
genotypes (Supplementary Table S1). These experiments show
that, when exposed to isoflurane at equipotent concentra-
tions, both genotypes demonstrate similar loss of STP and
decreases in the readily releasable vesicle pool.

Effect of isoflurane on paired-pulse facilitation

Paired-pulse facilitation (PPF) results from residual Ca?* in the
presynapse after an initial depolarisation. Increases in PPF

generally result from decreased Ca?* influx for the second
pulse (moving leftward on the release vs calcium curve),
while decreases in PPF result from decreased synaptic vesicle
availability. As reported,>? before HFS slices of both genotypes
demonstrate PPF (Fig. 4a, left panel), which increased in the
presence of 0.25 mM isoflurane (compare Fig. 4a with Fig. 4b left
panels). Therefore, isoflurane reduces pre-HFS Ca?*-depen-
dent glutamate release similarly in both genotypes.

Slices from both genotypes were then subjected to HFS. HFS
initially decreased PPF in both genotypes, with subsequent
recovery to pre-HFS levels (Fig. 4a, left panel). The short-term
decrease in PPF was primarily the result of a failure to in-
crease the magnitude of the second fEPSP (Fig. 4a, middle, right
panels). As presynaptic Ca?* should increase before the sec-
ond pulse compared with the first, these results suggest that
the availability of readily releasable vesicles is diminished
after HFS in both genotypes.

Isoflurane did not change the effect of HFS on PPF in the
Ndufs4(KO) (Fig. 4b, left panel). Control slices showed a short-
term decrease in PPF followed by recovery by 60 min after
HFS (Fig. 4b, left panel). In the presence of isoflurane, the
magnitudes of both the first and second pulses was decreased
after HFS compared with those without isoflurane in both
genotypes (Fig. 4b, middle, right panels), consistent with
reduced availability of releasable vesicles. The short-term
decrease of both the first and second fEPSP of Ndufs4(KO)
synapses in the presence of 0.25 mM isoflurane is consistent
with reduced availability of releasable vesicles after HFS. We
interpret these data as saturation of the sigmoidal Ca?*/ve-
sicular release curve by HFS. Vesicle availability becomes
limiting in the presence of isoflurane, more so in the KO than
control. The first pulse in the control can recover to baseline in
30 s, but not for the second pulse. The KO cannot recover for
either pulse, resulting in PPF ratios that are about the same as
before HFS.

Short-term depression is mediated by A; adenosine
receptors

Adenosine has depressant effects on Ca?* influx and synaptic
function®?; it is released during HFS**~%° or high metabolic
demand.?® We used 200 nM DPCPX, a selective adenosine A;
receptor antagonist, to test whether adenosine contributes to
short-term depression in Ndufs4(KO) slices after HFS. In the
absence of isoflurane, DPCPX treatment did not affect fEPSPs
of either genotype before HFS (data not shown), but increased
HFS-induced STP compared with control in Ndufs4(KO) slices
(Fig. 5a). DPCPX treatment did not affect HFS-induced STP in
wild-type synapses (Fig. 5a). No substantial differences were
seen in responses during the three trains of HFS in either the
wild-type or KO slices after exposure to DPCPX (Fig. 5b).
These results indicate that increased adenosine signalling
contributes to the decrease in STP in Ndufs4(KO) slices after
HFS.

To test if adenosine signalling mediates HFS-induced
short-term depression by isoflurane, HFS was applied in
the presence of DPCPX and 0.25 mM isoflurane. DPCPX
reduced short-term depression in Ndufs4(KO) slices (Fig. 5c,
solid brown circles), but not in wild-type slices (Fig. 5c, open
brown circles). Before HFS, DPCPX reduced isoflurane-
induced synaptic depression in Ndufs4(KO) but not in wild-
type slices (Supplementary Fig. S2d) even at high doses
(Supplementary Fig. S2e). These results indicate that iso-
flurane depression of fEPSPs before HFS has an adenosine-
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Fig. 3. Control and Ndufs4(KO) slices exhibit similar high-frequency stimulation (HFS)-induced short-term depression when exposed to
behaviourally equipotent isoflurane concentrations. (a) Short-term and long-term changes after HFS are similar in wild-type and Ndufs4(KO)
slices in presence of ~1.4 ECsq isoflurane for each genotype. (b) No pronounced differences in field excitatory postsynaptic potentials (fEPSPs)
during HFS trains between wild-type and Ndufs4(KO) slices at 1.4 ECsg isoflurane [wild-type: n=6 slices, Ndufs4(KO): n=5 slices]. (c) Short-term
changes are similar in wild-type and Ndufs4(KO) slices in the presence of 2 ECs, isoflurane for each genotype, however long-term fEPSP
responses are diminished in the wild-type slices [wild-type: n=7 slices, Ndufs4(KO): n=9 slices]. (D) Ndufs4(KO) slices show diminished
facilitation, but similar rates of depression in the three trains of HFS. Red dots show statistically significant differences between wild-type

and Ndufs4(KO) slices.

independent component in both genotypes (Supplementary
Fig. S2d and e) and an additional adenosine-dependent
component in Ndufs4(KO).

As adenosine appears to partially mediate the HFS-
induced short-term depression in Ndufs4(KO) slices, we
examined individual pulses of HFS. DPCPX did not affect the
rate of depression in Ndufs4(KO) slices during the first HFS
train, but significantly increased the rate of depression dur-
ing the second and third HFS trains (Fig. 5d, Supplementary
Table S2). These results suggest that, in the presence of
isoflurane, adenosine inhibits Ca?* influx in Ndufs4(KO) sli-
ces, and this slows the rate of depletion of synaptic vesicles.
Wild-type slices exposed to 0.74 mM isoflurane (equipotent
to 0.25 mM isoflurane in Ndufs4(KO) mice) and DPCPX
showed only a small effect on HFS-induced short-term
depression (Fig. 5e) compared with without DPCPX. There
were no marked differences between DPCPX treated and
untreated slices in fEPSPs during HFS trains (Fig. 5f). These
results are most consistent with the interpretation that, in
wild-type slices, adenosine plays only a small role in syn-
aptic depression induced by HFS trains in isoflurane-exposed
synapses.

Complete synaptic depression in the Ndufs4 knockout
by isoflurane with pyruvate as sole energy substrate

ATP can be produced by mitochondria-independent glycolysis
and mitochondria-dependent oxidative phosphorylation. In
neurones using pyruvate as the sole metabolic substrate,
synaptic vesicle endocytosis was interrupted when mito-
chondrial complex I was inhibited by rotenone (with a resulting
decrease in synaptic ATP).?° In the presence of supra-
physiological concentrations of glucose (30 mM as used in
culture media), glycolysis is likely to play a more importantrole
in ATP production than at physiological glucose concentra-
tions (1—1.5 mM), where oxidative phosphorylation is likely to
be the more important contributor to energy production. Iso-
flurane also inhibits complex I dependent oxidative phos-
phorylation, and does so at lower concentrations in Ndufs4(KO)
than in wild-type mice (Fig. 1). We tested excitatory synaptic
function under conditions favouring oxidative phosphoryla-
tion by substituting 10 mM pyruvate for 30 mM glucose as en-
ergy substrate. Pyruvate led to ~20% reductions in fEPSPs in
both wild-type and Ndufs4(KO) slices compared with baseline
(Fig. 6). We interpret this change to reflect the partial reduction
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Fig. 4. Paired-pulse ratios, first field excitatory postsynaptic potential (fEPSP) and second fEPSP plots of wild-type and Ndufs4(KO) synapses
after high frequency stimulation. (a) In the absence of isoflurane, control and Ndufs4(KO) paired-pulse ratios decrease from corresponding
baseline values between 2 and 3 min after high-frequency stimulation [HFS; wild-type: n=7 slices, Ndufs4(KO): n=7 slices]. (b) In the
presence of isoflurane, wild-type paired-pulse ratios decrease between 2 and 28 min after HFS, while the KO paired-pulse ratios do not
change from baseline values between 2 and 60 min after HFS [wild-type: n=7 slices, Ndufs4(KO): n=6 slices]. Red dots show statistically

significant changes from baseline values.

in ATP production caused by bypassing glycolysis to generate
pyruvate for mitochondrial respiration. Isoflurane 0.25 mM
completely eliminated fEPSPs in Ndufs4(KO) slices, and reduced
fEPSPs to ~60% of baseline in wild-type (Fig. 6). This effect was
not because of prolonged exposure to pyruvate as Ndufs4(KO)
slices failed to show progressive synaptic depression in the
absence of isoflurane (Fig. 6). Wild-type slices exposed to py-
ruvate and 0.74 mM isoflurane also demonstrated complete
elimination of fEPSPs. These results support the model that
isoflurane inhibits mitochondrial ATP production, resulting in
synaptic silencing at doses approximating the ECsg for anaes-
thesia in each genotype.

Discussion

The potency of isoflurane for inhibition of complex I depen-
dent respiration was significantly greater in mutant mito-
chondria than in controls. As Ndufs4(KO) complex I activity at
baseline is about half that of wild-type, isoflurane produces
a marked decrease in the absolute complex I activity in
Ndufs4(KO) mitochondria compared with wild-type, which
supports the hypothesis that mitochondrial complex I is a

significant target for volatile anaesthetics. Mitochondrial
complex I deficiency decreases HFS-induced STP in the
absence of isoflurane. However, in the presence of isoflurane
at anaesthetising doses in each genotype, there is a profound
short-term depression both in Ndufs4(KO) and wild-type sli-
ces after HFS, which is not because of enhanced GABAergic
signalling from isoflurane exposure. The depression in fEPSPs
by isoflurane is not seen during the first train of HFS, but
becomes evident during the second and third trains of HFS.
This time course suggests that synaptic release of neuro-
transmitter is not initially inhibited strongly by isoflurane.
These data are most consistent with a resultant critical
inability to recycle synaptic vesicles at lower concentrations
of anaesthetic. However, both wild-type and mutant are not
able to recover from stimulated release in the presence of
equipotent doses of isoflurane suggesting that inhibition oc-
curs at lower anaesthetic doses in the KO because of the pre-
existing complex I defect. Isoflurane, itself a proven complex
Iinhibitor, adds to the genetic defect caused by Ndufs4(KO) to
complex I.

During and shortly after HFS, synaptic depression is
generally attributed to the rate of recovery of available
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Fig. 5. Role of A; adenosine receptor signalling in short-term depression after high frequency stimulation. (a) In the absence of isoflurane,
DPCPX increases short-term potential after high-frequency stimulation (HFS) in the Ndufs4(KO) without a pronounced effect on wild-type
[DPCPX wild-type: n=5 slices, DPCPX Ndufs4(KO): n=5 slices]. (b) While statistically significant changes were detected (red dots and crosses),
DPCPX exposure did not substantially affect field excitatory postsynaptic potentials (fEPSP) responses during the three trains of HFS in

either the wild-type or Ndufs4(KO). (c) DPCPX partially alleviated

HFS-induced short-term depression in the Ndufs4(KO) in 0.25 mM iso-

flurane, but did not affect wild-type [DPCPX wild-type: n=5 slices, DPCPX Ndufs4(KO): n=5 slices]. (d) In Ndufs4(KO) slices, DPCPX decreased
responses in the first and second train of HFS and eliminated depression of the first fEPSP of the third train of HFS. () DPCPX lessened HFS-

induced short-term depression in wild-type slices in 0.74 mM is

oflurane (DPCPX wild-type: n=7 slices, wild-type without DPCPX: n=7

slices). (f) No profound changes were observed in fEPSP responses during HFS trains between DPCPX-treated and DPCPX-untreated wild-
type slices in the presence of 0.74 mM isoflurane. Red dots represent statistically significant differences between wild-type vehicle and

wild-type DPCPX slices. Red crosses represent statistically significa

nt differences between Ndufs4(KO) vehicle and Ndufs4(KO) DPCPX slices.

Error bars in the anaesthetic behaviour experiments represent standard deviations.

synaptic vesicles, which is slower than that demanded by
release during HFS.>*® We previously have shown that
intrinsic membrane properties and synaptic function are not
changed at baseline in Ndufs4(KO) slices.? Thus, the changes

seen in the field recordings in the presence of isoflurane, the
Ndufs4(KO) mutation, or both, probably occur as a result of the
increased energetic requirements caused by HFS. Similar re-
sults have been seen using fluorescent markers of vesicle
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Fig. 6. Ndufs4(KO) synaptic function is completely depressed by isoflurane in conditions favouring oxidative phosphorylation. Replacement
of glucose with pyruvate (blue bar) leads to similar synaptic depression in Ndufs4(KO) and wild-type synapses. Addition of 0.25 mM iso-
flurane (green bar) leads to complete loss of synaptic function in Ndufs4(KO) synapses (closed circles), while causing ~30% depression in
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depression of field excitatory postsynaptic potentials (fEPSPs) in Ndufs4(KO) synapses (closed triangles). Changing solution to glucose

solution with isoflurane (purple bar) led to partial recovery of fEPSPs.

recycling in Ndufs4(KO) neurones using rotenone as the
mitochondrial inhibitor?® and when glycolysis is inhibited.*?

Synaptic vesicle cycling energetics

Synaptic depression caused by HFS is frequently associated
with depletion of synaptic vesicles from the readily releasable
pool.?? Our data are consistent with a model in which, in the
absence of isoflurane, HFS leads to the depletion of synaptic
vesicles in the readily releasable pool in Ndufs4(KO) and re-
covery is delayed. HFS depletes ATP as a result of increased use
and mitochondrial deficiency reduces resynthesis. This phe-
nomenon is further exacerbated by inhibition of complex I by
isoflurane, which further limits replenishment of ATP at the
synapse. This is not simply a feature of this mutant model, as
the same phenomenon occurs in normal mice at an anesthe-
tising dose of isoflurane.

Pathak and colleagues? recently showed that in Ndufs4(KO)
neurones ATP concentrations decreased when stressed by HFS
with concurrent inhibition of synaptic vesicle endocytosis,
while exocytosis was not affected. The dependence of synaptic
vesicle recovery from strong presynaptic demands on

oxidative phosphorylation was further demonstrated by
Sobieski and colleagues® who found that inhibition of
glycolysis did not affect the ability of synaptic vesicles to
restore the readily releasable pool, while inhibition of oxida-
tive phosphorylation slowed down recovery substantially.
However, Rangaraju and colleagues®® showed that synaptic
vesicle endocytosis was inhibited by either a loss of glycolysis
or of oxidative phosphorylation. Our results are most consis-
tent with a partial loss of synaptic function in the absence of
glycolysis (dependence on pyruvate) and complete loss of
synaptic function when oxidative phosphorylation is severely
inhibited (addition of isoflurane). The relative contributions of
glycolysis and oxidative phosphorylation to synaptic function
likely depend on the concentration of glucose?’ and potential
upregulation of glycolytic*! and oxidative capabilities*? during
ATP consumption driven by high neuronal activity.>® We are
undertaking studies to correlate ATP concentrations with
failure of endocytosis in synapses using isoflurane as the
mitochondrial inhibitor.

A distinct mechanism of isoflurane effect on synaptic
vesicle cycling was proposed by Baumgart and colleagues,*
who showed that isoflurane inhibits exocytosis in neuronal
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cultures by decreasing Ca?" influx without affecting the
coupling of Ca?t influx to exocytosis. These results were
consistent with other studies indicating that synaptic vesicle
release is a target for volatile anaesthetics, with no effect on
endocytosis.***> In contrast, a study in PC12 pheochromocy-
toma cells showed a direct inhibitory effect of isoflurane on
the vesicle release machinery.?® Both studies used higher
isoflurane concentrations than those in our experiments. If
exocytosis is strongly inhibited at the higher concentrations,
limitations on endocytosis might not be detected. However,
our results also indicate that Ca?" influx is affected by a rela-
tively low concentration of isoflurane through an energy
dependent mechanism, which might be represented by the
depression seen in fEPSPs in both genotypes.

Our paired pulse experiments in slices from wild-type an-
imals before HFS confirm our previous results® and those of
Maclver and colleagues.®? HFS increases Ca?" concentrations
in the presynapse increasing release of available synaptic
vesicles.” The smaller fEPSPs seen in the values of both the
first and second EPSPs in the Ndufs4(KO) in isoflurane,
compared with in the absence of isoflurane, are consistent
with a decrease in availability of vesicles. These results sug-
gest that HFS causes a short-term decrease in synaptic vesicle
availability in isoflurane-exposed wild-type and Ndufs4(KO)
slices after HFS. The simplest model is that isoflurane causes
mitochondrial inhibition to selectively inhibit neurotrans-
mitter recycling in excitatory neurones.

Adenosine is released in response to neuronal activity and
energy depletion.*®*® Upon binding to A; adenosine re-
ceptors, adenosine reduces Ca®" influx through N- and P/Q-
type Ca?" channels,”®? which suppresses synaptic func-
tion by reducing vesicle release probability.”>>* Our data
suggest that increased ATP consumption (caused by HFS)
combined with decreased ATP production (Ndufs4 mutation,
isoflurane), increases ADP and adenosine. As mitochondrial
complex I in the KO is hypersensitive to isoflurane, isoflurane
causes ATP concentrations to decrease more in the KO than
in wild-type. The decrease in fEPSPs in KO slices is alleviated
by blocking A; receptors indicating that an energy deficit
already exists before HFS in the KO. Adenosine concentra-
tions increase sufficiently to partially dampen fEPSPs after
HFS in the absence of isoflurane in Ndufs4(KO). In the KO in
the presence of isoflurane, the adenosine effect is main-
tained, with a small effect of adenosine in wild-type slices
exposed to isoflurane.’®*® Baumgart and colleagues®® showed
that isoflurane inhibits synaptic vesicle exocytosis in hippo-
campal neurones through inhibition of presynaptic Ca’*
influx. Our results suggest that this effect might be partially
mediated by the effect of adenosine and the result of an
isoflurane-induced energy deficit. Further experiments
studying the effects of inhibition of adenosine signalling on
the behaviour of Ndufs4(KO) animals are planned.

Conclusions

We propose a model in which anaesthetic- and genetically-
induced mitochondrial dysfunction reduce ATP production,
which inhibits synaptic vesicle endocytosis. This effect is in-
dependent of GABAergic effects and partially mediated by A
adenosine receptors. We propose a model in which isoflurane
inhibits mitochondria-dependent ATP production. This leads
to energy failure at excitatory synapses causing a primary
failure in synaptic vesicle endocytosis and indirect inhibition
of exocytosis. Ndufs4(KO) is hypersensitive to isoflurane

because of the additive effects of isoflurane and a pre-existing
genetic defect in complex I. As isoflurane also inhibits STP
after high frequency stimulation in normal animals at
anaesthetising doses, we postulate that mitochondrial inhi-
bition by isoflurane is not just a pathological phenomenon.
Rather mitochondria could be a crucial target for anaesthetic
action in normal animals (Fig. 7). Proof of the role of mito-
chondria in isoflurane sensitivity awaits identification of
resistant mutants affecting the mitochondria.
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