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Abstract

Background: P/Q- and N-type voltage-gated calcium channels (VGCC) are the principal subtypes mediating synaptic

vesicle (SV) exocytosis. Both the degree of isoflurane inhibition of SV exocytosis and VGCC subtype expression vary

between brain regions and neurotransmitter phenotype. We hypothesised that differences in VGCC subtype expression

contribute to synapse-selective presynaptic effects of isoflurane.

Methods: We used quantitative live-cell imaging to measure exocytosis in cultured rat hippocampal neurones after

transfection of the fluorescent biosensor vGlut1-pHluorin. Selective inhibitors of P/Q- and N-type VGCCs were used to

isolate subtype-specific effects of isoflurane.

Results: Inhibition of N-type channels by 1 mM u-conotoxin GVIA reduced SV exocytosis to 81±5% of control (n¼10).

Residual exocytosis mediated by P/Q-type channels was further inhibited by isoflurane to 42±4% of control (n¼10). The P/

Q-type channel inhibitor u-agatoxin IVA at 0.4 mM inhibited SV exocytosis to 29±3% of control (n¼10). Residual exocytosis

mediated by N-type channels was further inhibited by isoflurane to 17±3% of control (n¼10). Analysis of isoflurane effects

at the level of individual boutons revealed no difference in sensitivity to isoflurane between P/Q- or N-type channel-

mediated SV exocytosis (P¼0.35). There was no correlation between the effect of agatoxin (P¼0.91) or conotoxin (P¼0.15)

and the effect of isoflurane on exocytosis.

Conclusions: Sensitivity of SV exocytosis to isoflurane in rat hippocampal neurones is independent of the specific VGCC

subtype coupled to exocytosis. The differential sensitivity of VGCC subtypes to isoflurane does not explain the observed

neurotransmitter-selective effects of isoflurane in hippocampus.
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Editor’s key points

� Isoflurane inhibits synaptic release of the excitatory

neurotransmitter glutamate to a greater extent than of

the inhibitory neurotransmitter gamma-aminobutyric

acid (GABA) by unclear mechanisms.

� The authors’ hypothesis that this difference derives

from selective inhibition of specific presynaptic

voltage-gated calcium channels was investigated using

genetically encoded biosensors for exocytosis from

hippocampal neurones in culture.

� Synaptic vesicle exocytosis mediated by either N-type

or P/Q-type calcium channels, which together medi-

ated all exocytosis, was inhibited by isoflurane with

similar potencies.

� The differential sensitivity to isoflurane of presynaptic

glutamate and GABA release is not explained by dif-

ferences in the sensitivity of the major presynaptic

calcium channels to isoflurane, and must therefore

involve other presynaptic determinants of exocytosis.
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The volatile anaesthetic isoflurane decreases excitatory syn-

aptic transmission primarily by presynaptic actions.1e3 Iso-

flurane selectively inhibits action potential (AP)-evoked

synaptic vesicle (SV) exocytosis from glutamatergic hippo-

campal neurones to a greater degree than from GABAergic

neurones.4 However, the molecular basis for this differential

inhibition and synaptic selectivity is unclear.

Voltage-gated Ca2þ channels (VGCCs) play a critical role in

neurotransmission by mediating the Ca2þ influx essential to

triggering SV exocytosis.5,6 Because isoflurane does not alter

the Ca2þ-exocytosis coupling relationship in hippocampal

neurones,4 its presynaptic selectivity must reside upstream of

Ca2þ influx; possible mechanisms include effects on voltage-

gated Naþ channels, Kþ channels, and VGCCs. Neurotrans-

mitter phenotype-specific differences in expression, or

anaesthetic sensitivity of presynaptic VGCC subtypes, or both

could contribute to the observed selective inhibition of gluta-

matergic vs GABAergic SV exocytosis by isoflurane. We used

live-cell fluorescence microscopy to examine the isoflurane

sensitivity of P/Q-type and N-type VGCCs, which are the

principal subtypes coupled to SV exocytosis in the central

nervous system, at individual hippocampal synapses.7,8 Pre-

vious studies examining the effects of isoflurane on VGCCs

have led to discordant results.9e13 We tested the hypothesis

that differential inhibition of specific presynaptic VGCC sub-

types underlies the neurotransmitter phenotype selectivity

observed for isoflurane inhibition of SV exocytosis.4
Methods

Cell culture and transfection

All experiments were approved by the Weill Cornell Medical

College Institutional Animal Care and Use Committee (New

York, NY, USA) and conformed to National Institutes of Health

Guidelines for the Care and Use of Animals. The techniques for

preparing rat hippocampal mixed neuronal cultures and

characterisation of the cultures have been described.4,14e18

After 7 days in vitro (DIV), cultured neurones were
transfected with the vesicular glutamate transporter 1-

pHluorin (vGlut1-pH), a vesicular fusion biosensor.19 A modi-

fied calcium phosphate precipitation protocol was used to

ensure low transfection efficiency so recorded boutons within

a coverslip could be confidently attributed to a single neurone.

Live-cell imaging was performed at 16e17 DIV (corresponding

to postnatal days 17e18) tominimise variability resulting from

a possible developmental shift in the ratio of VGCC subtype

expression. We co-transfected mCherry to see vGlut1-pH

transfected neurones. The number of vGlut1-pH/mCherry

transfected neurones in each coverslip was 3.0 (0.9) (n¼7). The

efficiency of vGlut1-pH transfection was 0.23 (0.08)%.
Synaptic vesicle exocytosis

Measurement of SV exocytosis was performed as previously

described.4,14 Briefly, one vGlut1-pH positive neurone in each

coverslip was chosen for analysis. APs were evoked by passing

1 ms current pulses via platinumeiridium electrodes incorpo-

rated into the chamber, yielding fields of ~10 V cm�1, at 10 Hz

for 10 s. Fluorescence images were collected with an iXonþ
camera (DU-897E-BV; Andor, Belfast, UK) using a solid-state,

diode-pumped 488 nm laser. Fluorescent boutons were

imagedwith a 40�, 1.3 numerical aperture objective (Fluar; Carl

Zeiss, Oberkochen, Germany) and a 1.0� Optovar. Imaging was

conducted at 29e30�C with continuous perfusion at 0.75 ml

min�1 of Tyrode’s solution containing (in mM): 119 NaCl, 2.5

KCl, 2 CaCl2, 2 MgCl2, 25 HEPES (4-[2-hydroxyethyl]-1-

piperazineethanesulfonic acid) buffered to pH 7.4, 30 D-

glucose, with 10 mМ 6-cyano-7-nitroquinoxaline-2,3-dione

(CNQX) and 50 mM D,L-2-amino-5-phosphonovaleric acid (AP5)

to block glutamatergic excitation. u-Conotoxin GVIA20 (con-

otoxin; Alomone, Jerusalem, Israel) at 1 mM and u-agatoxin
IVA21 (agatoxin; Alomone) at 0.4 mM were included in the

perfusate to completely and selectively block N- or P/Q-type

VGCCs, respectively.14 15 Isoflurane-saturated Tyrode’s solu-

tion (~12mM)was prepared anddiluted daily into gastight glass

syringes, from which a sample was obtained for determination

of isoflurane concentration by gas chromatography (Shimadzu

GC-2010 Plus; Shimadzu, Kyoto, Japan) after extraction into

octane.22 The final isoflurane concentration used (0.51 [0.02]

mM) corresponds to 1.6 (0.1) times the minimum alveolar

concentration (MAC) for isoflurane in rats, a clinically relevant

concentration equivalent to ~1.6 times the ED50 corrected to

30�C,23 which corresponds to ~0.7 times a maximally effective

dose (ED95, ~2.3 times the ED50).
24 Total pool (TP) of SVs was

determined by alkalisation of vesicles at the end of each

experiment by perfusing 50mMNH4Cl solution (substituted for

50 mM NaCl in Tyrode’s solution and buffered to pH 7.4).
Data analysis

Images were analysed with ImageJ (http://rsb.info.nih.gov/ij/)

using a custom plugin (http://rsb.info.nih.gov/ij/plugins/time-

series.html). Boutons (~20e50 boutons per neurone) were

chosen from control images before drug application, and were

defined as 2 mm diameter circular regions of interest (ROIs).

Exocytosis was defined as the DF of vGlut1-pH determined by

the difference in fluorescence between baseline (average of

the 10 frames before stimulation) and peak (average of the 10

highest frames after completion of the stimulus train) ac-

quired at 10 Hz. Boutons with signal/noise ratio (SNR) of <5 in

response to 100 APs in control or after VGCC toxin application

were excluded from analysis. For each bouton, SNR was

http://rsb.info.nih.gov/ij/
http://rsb.info.nih.gov/ij/plugins/time-series.html
http://rsb.info.nih.gov/ij/plugins/time-series.html
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defined as SNR¼DF/s, where s is the standard deviation (SD) of

the fluorescence measured for 10 frames before stimulation.

Signals at each bouton were normalised to TP (DF/FTP).
Applying these criteria, we included 329 boutons from 10 ex-

periments using the N-type VGCC blocker conotoxin (87% of all

boutons) and 135 boutons from nine experiments using the P/

Q-type VGCC blocker agatoxin (29% of all boutons). Greater

inhibition of SV exocytosis by the P/Q-type blocker compared

with the N-type blocker meant that fewer boutons met the

criteria for analysis using agatoxin.
Fig. 1. Measurement of synaptic vesicle exocytosis using vGlut1-

pH. Representative trace of vGlut1-pH response to 100 action

potential (AP) stimulation at 10 Hz in a single bouton (upper

left). Live-cell image of a vGlut1-pH transfected neurone at

baseline (lower left), after stimulation (upper right), and the

resulting difference in fluorescence from the stimulation (lower

right). Arrowheads indicate the single bouton that is repre-

sented in the raw trace.
Statistical analysis

Data on the population effects of VGCC blockers and isoflurane

are shown as mean (standard error of the mean, SEM) unless

stated otherwise, and were analysed by one-way repeated-

measures analysis of variance (ANOVA) with post hoc Bonferroni

analysis. Normality was determined using the ShapiroeWilk

test, using a¼0.05 as a cut-off. Data for individual boutons

were not normally distributed, and are presented as median

(inter-quartile range), and analysed using the ManneWhitney

U-test and two-sample KolmogoroveSmirnov test. The multi-

modality of distribution histograms was estimated using Har-

tigan’s dip test. Correlation coefficients were analysed against

the null hypothesis m¼0 by two-tailed one-sample t-test. Sta-

tistical analyses were performed using GraphPad Prism 7

(GraphPad Software, La Jolla, CA, USA) and Stata SE (version 15;

StataCorp, College Station, TX, USA), with P<0.05 defined as

significant. The number of recorded neurones is presented as

n. Data for multiple boutons were acquired from only one

neurone per coverslip to avoid contaminating and potentially

irreversible effects of multiple stimulations and drug treat-

ments. Each experimental group contained coverslips from

two different preparations of primary neuronal cultures to

minimise artifacts because of differing culture conditions.
Results

Isoflurane inhibits SV exocytosis mediated by N- or P/
Q-type voltage-gated calcium channels

vGlut1-pH was used as an optical biosensor of SV exocytosis

(Fig 1).15 19 25 Changes in fluorescence (DF) during electrical

stimulation with 100 APs at 10 Hz reflect the alkalisation of

vGlut1-pH because of SV exocytosis, whereas changes during

the post-stimulus period reflect re-acidification after vesicle

endocytosis.26 We examined the contributions of the principal

VGCC subtypes known to control SV exocytosis using the

specific blockers conotoxin for N-type and agatoxin for P/Q-

type VGCCs. Together conotoxin (1 mM) and agatoxin (0.4 mM)

inhibited exocytosis measured as mean DF/FTP by 96.9 (0.2)%

(control 0.37 [0.04], plus conotoxin þ agatoxin 0.01 [0.00], n¼3).

Thus, SV exocytosis was almost entirely mediated by N-type

and P/Q-type VGCCs in cultured rat hippocampal neurones.27

Isoflurane has been shown to inhibit hippocampal SV

exocytosis elicited by electrical stimulation.4We examined the

inhibitory effects of isoflurane on SV exocytosis mediated by

either N-type or P/Q-type VGCCs using conotoxin and agatoxin

to isolate each channel subtype selectively (Figs 2 and 3).

Representative effects of conotoxin and isoflurane on exocy-

tosis in a single neurone are shown in Fig 2b. On average,

conotoxin reduced DF/FTP from 0.17 (0.03) to 0.13 (0.02) (80.5

[5.0]% of control, P¼0.025; n¼10; Fig 2c). Treatment with iso-

flurane further inhibited DF/FTP to 0.06 (0.01) (41.8 [3.5]% of
control, P¼0.018). Agatoxin inhibited SV exocytosis more than

conotoxin (Fig 3b): agatoxin reduced DF/FTP from 0.25 (0.03) to

0.06 (0.01) (28.9 [3.4]% of control, P<0.0001; n¼10, Fig. 3c). In the

presence of agatoxin, isoflurane further reduced DF/FTP to 0.04

(0.01) (16.6 [2.5]%, P<0.0001). Isoflurane therefore inhibits SV

exocytosis mediated by either P/Q- or N-type VGCCs.
P/Q-type channels contribute more to synaptic vesicle
exocytosis than N-type channels

VGCC subtypes are differentially expressed in presynaptic

terminals according not only to the neurone phenotype, but

also to the type of postsynaptic cells with which terminals

synapse,28 29 such that expression of VGCC subtypes can differ

between individual boutons of the same neurone.30 To inves-

tigate the relative contributions of VGCC subtypes to SV

exocytosis by bouton, we compared the effects of selective

inhibitors at individual boutons, pooling all boutons from 10

individual neurones for analysis (Fig. 4). Selective block of P/Q-

type VGCCs with agatoxin caused a greater reduction in SV

exocytosis at individual boutons (71 [1]% inhibition, n¼460

boutons from 10 neurones) than selective block of N-type

VGCCs with conotoxin (22 [1]% inhibition, n¼380 boutons from

10 neurones; P<0.0001, ManneWhitney U-test). There was a

high degree of variability in the effects of VGCC subtype-

specific inhibitors between boutons, particularly for con-

otoxin (SD¼24.0) compared with agatoxin (SD¼18.4). P/Q-type

channels were the major VGCC subtype mediating SV exocy-

tosis in cultured hippocampal neurones.
Calcium channel subtypes coupled to exocytosis have
comparable sensitivities to inhibition by isoflurane

We investigated the contribution of VGCC subtypes to inhibi-

tion of SV exocytosis by isoflurane, first by determining



Fig. 3. Inhibition of synaptic vesicle exocytosis by the P/Q-type

channel blocker agatoxin and isoflurane. (a) Schematic dia-

gram of the protocol. During each recording (Rec), electrical

stimulation of 100 APs at 10 Hz (10 s of stimulation) was applied.

(b) Ensemble average traces of vGlut1-pH responses to 100 AP

stimulation in a single representative neurone for control

(black), agatoxin (gold), agatoxin plus isoflurane (blue), and

agatoxin after wash out of isoflurane (grey). (c) The effects of

agatoxin and isoflurane on exocytosis are shown (**P<0.01,
****P<0.0001, one-way analysis of variance [ANOVA] with repeated

measures and Bonferroni post hoc test). Signals were normal-

ised for each bouton to the total pool (DF/FTP). Each point rep-

resents the average DF/FTP from all of the boutons in each

neurone tested. AP, action potential.

Fig. 2. Inhibition of synaptic vesicle exocytosis by the N-type

channel blocker conotoxin and isoflurane. (a) Schematic dia-

gram of the protocol. During each recording (Rec), electrical

stimulation of 100 APs at 10 Hz (10 s of stimulation) was applied.

(b) Ensemble average traces of vGlut1-pH responses to 100 AP

stimulation in a single representative neurone for control

(black), conotoxin (green), conotoxin plus isoflurane (pink), and

conotoxin after wash out of isoflurane (grey). (c) The effects of

conotoxin and isoflurane on exocytosis are shown (*P<0.05, one-
way analysis of variance [ANOVA] with Bonferroni’s post hoc test).

Signals were normalised for each bouton to the total pool (DF/

FTP). Each point represents the average DF/FTP from all of the

boutons in each neurone tested.
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whether isoflurane differentially inhibits SV exocytosis

depending on the VGCC subtype involved, and second by

analysing the correlation between inhibition by isoflurane and

contribution to exocytosis of each VGCC subtype between in-

dividual boutons. Figure 5 shows the distribution histograms

for isoflurane inhibition of SV exocytosis mediated either by P/

Q- or N-type VGCCs across all boutons with SNR >5. The effect

of isoflurane on P/Q- or N-type VGCC-mediated SV exocytosis

showed a unimodal distribution (Hartigan’s dip test for P/Q-

type VGCC-mediated exocytosis¼0.01, P¼1.00; for N-type

VGCC-mediated exocytosis¼0.02, P¼0.94). Isoflurane reduced

SV exocytosis mediated by P/Q-type VGCCs by 46.7 (1.2)%, and

SV exocytosis mediated by N-type VGCCs by 49.4 (1.9)%. These

results indicate that presynaptic P/Q-type and N-type VGCCs
coupled to SV exocytosis have similar sensitivities to iso-

flurane (P¼0.35, ManneWhitney U-test).

We also analysed correlations between the effects of iso-

flurane and of conotoxin or agatoxin on SV exocytosis (Fig. 6).

Mean correlation coefficients between the effects of isoflurane

and conotoxin were not significantly different from 0, indi-

cating no correlation between the effect of isoflurane and the

contribution of N-type channels to exocytosis (one-sample t-

test against null hypothesis m¼0, P¼0.15, t¼1.56; Fig. 6b).

Similarly, mean correlation coefficients between the effects of

isoflurane and agatoxinwere not significantly different from 0,

indicating no correlation between the effect of isoflurane and

contribution of P/Q-type channels to exocytosis (one-sample t-



Fig. 5. Isoflurane effects on synaptic vesicle exocytosis mediated

by P/Q-type and N-type channels do not differ at the level of

individual boutons. Distribution histogram shows the effects of

isoflurane after application of P/Q-type or N-type blockers. Box

whisker plots show the median (line), mean (cross), 25e75

percentile (box), and 10e90 percentile (whisker) ranges for the

effects of isoflurane on SV exocytosis mediated by P/Q- and N-

type VGCCs across all boutons (ManneWhitney U-test). SV,

synaptic vesicle; VGCCs, voltage-gated calcium channels.

Fig. 4. P/Q-type channels contribute to synaptic vesicle exocy-

tosis to a greater degree than N-type channels at individual

boutons. Distribution histogram shows the effects of VGCC

blockers in individual boutons from all neurones tested. Bou-

tons with e20% to e60% inhibition were excluded for conve-

nience of presentation. Box whisker plots show the median

(line), mean (cross), 25e75 percentile (box), and 10e90 percentile

(whisker) ranges for the effects of VGCC blockers across all

boutons (P<0.0001, ManneWhitney U-test). VGCC, voltage-gated

calcium channel.
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test against null hypothesis m¼0, P¼0.91, t¼0.11; Fig. 6d). Thus,

isoflurane inhibition of SV exocytosis in presynaptic hippo-

campal boutons is independent of expression of the principal

presynaptic VGCC subtypes.
Discussion

SV exocytosis from excitatory boutons is more sensitive to

inhibition by isoflurane than exocytosis from inhibitory bou-

tons,4 31 but the mechanism(s) of this synaptic selectivity is

unknown. Although P/Q-type VGCCs contributed quantita-

tively more to SV exocytosis than did N-type VGCCs in rat

hippocampal neurones, there was no significant difference in

their functional sensitivities to isoflurane. These results indi-

cate that differential expression, or coupling of presynaptic

VGCC subtypes to SV exocytosis, or both are not the basis for

the synaptic selectivity of isoflurane in hippocampus, which

likely involves targets upstream of Ca2þ entry.

The greater contribution of P/Q-type VGCCs to SV exocy-

tosis in hippocampal excitatory neurones, evident in the

greater degree of inhibition by the specific toxin agatoxin than

conotoxin, has been reported by others,14 although we

observed a greater contribution of P/Q-type VGCCs. Electro-

physiological studies also show a dominant contribution of P/

Q-type VGCCs to neurotransmission in hippocampus.27 29 In

contrast, greater inhibition of SV exocytosis by conotoxin has

been reported in cultured neurones from the rat hippocampal

CA3eCA1 subregion,15 32 which might be attributable to
subregion-specific differences or days in culture. In immature

hippocampal neurones (e.g., before 15 DIV corresponding to

postnatal day 10), conotoxin inhibits synaptic transmission

more than agatoxin because of a relative predominance of N-

type VGCCs. In contrast, later in development (e.g., after 21 DIV

corresponding to postnatal day 16), agatoxin leads to greater

inhibition of exocytosis as P/Q-type channels predominate.33

34 Our results are consistent with these findings, although

the age, in days, of the rats used to produce the cultures is

different. Taken together, these data indicate that expression

of VGCC subtypes at synaptic boutons varies depending on

factors including neuronal phenotype and culture age.

The basis of the greater sensitivity to inhibition by iso-

flurane of glutamate release compared with GABA release is

unclear.4 35 36 One hypothesis is that differential expression of

critical ion channels with greater anaesthetic sensitivity leads

to such differences between synapses. However, our results

indicate that differential presynaptic VGCC subtype expres-

sion does not contribute to differences in sensitivity of SV

exocytosis to isoflurane in hippocampal neurones. These re-

sults are consistent with previous electrophysiological studies

showing that isoflurane inhibits P/Q- and N-type Ca2þ currents

to a similar extent in rat hippocampal pyramidal neurones,9

cultured cerebellar granule neurones,10 and Xenopus oocytes

heterologously expressing mammalian N- or P/Q-type chan-

nels.37 In contrast, isoflurane was reported to inhibit N-type

currents to a greater extent than P/Q-type currents in rat

dorsal root ganglion neurones.11 The reason for this difference

in sensitivity to isoflurane is not clear, although it may reflect

differences in channel subunit compositions. The auxiliary



Fig. 6. The effects of isoflurane on synaptic vesicle exocytosis are independent of VGCC subtype distribution. (a) Correlation between the

effects of isoflurane and the effects of conotoxin on SV exocytosis. Different colours represent individual neurones, with each dot repre-

senting a single bouton. Lines represent best fits for each neurone. (b) Correlation coefficients of the effects of isoflurane with the effects of

the N-type VGCC blocker conotoxin were not significantly different from 0 (one-sample t-test against null hypothesis m¼0, P¼0.15, t¼1.56).

Each dot represents the value of the correlation coefficient for each neurone shown in (a), coloured accordingly. The red line shows the

average correlation coefficient across all neurones. (c) Correlation between the effects of isoflurane and the effects of agatoxin on SV

exocytosis. Different colours represent individual neurones, whereas each dot represents a single bouton. Lines represent best fits for each

neurone. (d) Correlation coefficients of the effects of isoflurane with the effects of the P/Q-type VGCC blocker agatoxin were not significantly

different from 0 (one-sample t-test against null hypothesis m¼0, P¼0.91, t¼0.11). Each dot represents the value of the correlation coefficient

for each neurone shown in (c), coloured accordingly. The red line shows the average correlation coefficient across all of neurones. VGCC,

voltage-gated calcium channel.
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subunits of VGCCs are differentially distributed amongst brain

regions,38 39 such that pharmacological properties might vary

between brain regions.
Several limitations must be considered in interpreting our

results. Experiments were performed at 29e30�C to facilitate

electrophysiological recording stability and volatile
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anaesthetic use. The kinetics of SV exocytosis and endocytosis

are faster at higher physiological temperatures, but exhibit

similar fundamental properties at 30�C.40 Use of SV-targeted

pHluorins such as vGlut1-pHlourin is an established and

validated method for measuring vesicular exocytosis and

endocytosis in live cells.4 15 25 32 Although this approach does

not directly see membrane fusion, as in the classic fast freeze

electron micrographs of Heuser and Reese,41 42 membrane

fusion is necessary to neutralise the vesicle lumen to induce

the fluorescence change. Live-cell imaging also has the

advantage of providing dynamic rather than static imaging of

vesicle fusion and re-endocytosis. To determine isoflurane

effects, we analysed boutons with SNR � 5 in response to 100

APs in the presence of VGCC blockers, which biases data to

boutons with larger fluorescent signals. We used a primary

hippocampal neurone culture system in which functional

synapses are formed.16e18 Given that expression of VGCC

subtypes in individual boutons is known to be determined by

factors including the type of postsynaptic cell,28e30 differential

contributions of P/Q- and N-type VGCCs to SV exocytosis be-

tween different boutons of the same transfected neurone as

observed in this study may result from differences in their

postsynaptic targets. Cultured hippocampal neurones consist

of various phenotypes,28 29 43 so the isoflurane effects observed

represent a heterogeneous neuronal population. The effects of

isoflurane on SV exocytosis in other brain regions with

different properties may differ from those observed in hippo-

campus. Our studies focus on the hippocampus as a model

given the large body of data available on its fundamental

neurophysiology, sensitivity to anaesthetics, and critical role

as a target for anaesthetics.44 45 Finally, we used a relatively

high, but clinically relevant, concentration of isoflurane for

these mechanistic studies to maximise detection of possible

presynaptic inhibitory effects. It is possible that the lack of

inhibition reported by Hall and colleagues13 was because of the

lower concentration they used, but also to the fact that they

measured electrophysiological effects on somatic, rather than

presynaptic, channels.

Previous studies have shown that inhibition of voltage-

gated Naþ channels has a reduced effect on GABAergic bou-

tons compared with other neurotransmitter phenotypes,46 47

and voltage-gated Naþ channel subtypes are differentially

expressed in hippocampus.48 In addition, SV exocytosis

evoked by elevated extracellular Kþ, which bypasses Naþ

channels activation and activates VGCCs directly,49 is rela-

tively insensitive to isoflurane.31 50 Taking these findings into

account, voltage-gated Naþ channel activation upstream of

VGCC activation is a plausible mechanism for isoflurane in-

hibition of SV exocytosis.51e53 Isoflurane inhibition of the

mitochondrial respiratory chain has also been implicated in its

presynaptic effects. Isoflurane directly inhibits mitochondrial

complex I to limit synaptic ATP production in the excitatory

pre-synapse which, in turn, inhibits excitatory SV endocytosis

and exocytosis.54 Given that GABAergic neurone-specific

complex I defects do not alter the sensitivity of isoflurane,55

the role of complex I function in vesicle cycling might be

different between excitatory and inhibitory neurones. Future

studies of the contributions of voltage-gated Naþ channels,

mitochondrial complex I, or other targets to isoflurane-

induced inhibition of SV exocytosis are necessary to clarify

further the bouton selectivity of presynaptic isoflurane action.

In conclusion, we show that SV exocytosis linked to N-type

and P/Q-type Ca2þ channels, the principal neuronal VGCC

subtypes that mediate the Ca2þ entry coupled to SV exocytosis
in the hippocampus, have similar sensitivities to isoflurane. As

presynaptic inhibition of SV exocytosis by isoflurane was in-

dependent of relative VGCC subtype expression in hippo-

campal synaptic boutons, we conclude that VGCCs are

unlikely to determine the selective sensitivity to inhibition of

SV exocytosis by isoflurane in specific neuronal phenotypes.
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