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Isofturane Reduces the Carbachol-evoked Ca’™ Influx in

Neuronal Cells

Alexandra Corrales, B.S.,* Fang Xu, Ph.D.,t Zayra V. Garavito-Aguilar, B.S.,* Thomas J. J. Blanck, M.D., Ph.D. %

Esperanza Recio-Pinto, Ph.D.§

Background: The authors previously reported that the isoflu-
rane-caused reduction of the carbachol-evoked cytoplasmic
Ca’* transient increase ([Ca®*].) was eliminated by K* or
caffeine-pretreatment. In this study the authors investigated
whether the isoflurane-sensitive component of the carbachol-
evoked [Ca’*].,, transient involved Ca’*" influx through the
plasma membrane.

Methods: Perfused attached human neuroblastoma SH-SYSY
cells were exposed to carbachol (1 mym, 2 min) in the absence
and presence of isoflurane (1 mm) and in the absence and
presence of extracellular Ca** (1.5 mm). The authors studied
the effect of the nonspecific cationic channel blocker La®*
(100 pm), of the L-type Ca®>' channel blocker nitrendipine
(10 pm), and of the N-type Ca®** channel blocker w-conotoxin
GVIA (0.1 um) on isoflurane modulation of the carbachol-
evoked [Ca®*],, transient. [Ca®*]_, was detected with fura-2 and
experiments were carried out at 37°C.

Results: Isoflurane reduced the peak and area of the carba-
chol-evoked [Ca“]Cyt transient in the presence but not in the
absence of extracellular Ca®**. La®>* had a similar effect as the
removal of extracellular Ca**. w-Conotoxin GVIA and nitren-
dipine did not affect the isoflurane sensitivity of the carbachol
response although nitrendipine reduced the magnitude of the
carbachol response.

Conclusions: The current data are consistent with previous
observations in that the carbachol-evoked [Caz‘”]Cyt transient
involves both Ca** release from intracellular Ca** stores and
Ca** entry through the plasma membrane. It was found that
isoflurane attenuates the carbachol-evoked Ca** entry. The
isoflurane sensitive Ca>* entry involves a cationic channel dif-
ferent from the L- or N- type voltage-dependent Ca** channels.
These results indicate that isoflurane attenuates the carbachol-
evoked [Ca“]cyt transient at a site at the plasma membrane that
is distal to the muscarinic receptor.

THE role of muscarinic receptors in analgesia and anes-
thesia is controversial. In the brainstem muscarinic re-
ceptors modulate the level of consciousness,' and in
cortical regions>> and striatum* they affect memory and
learning. At the spinal level muscarinic receptors inhibit
glutamate release’ and enhance y-aminobutyric acid re-
lease.® Muscarinic agonists have been reported to en-
hance antinociceptive effects.”'' However, there are
also reports showing that muscarinic block enhances the
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analgesic or anesthetic action of various drugs.'*'? Halo-
thane and isoflurane have been reported to depress mus-
carinic receptor function,'#'7 and inhibition of the mus-
carinic signaling has variable effects on the minimal
alveolar anesthetic concentration of inhaled anesthet-
ics."® Therefore, the role of muscarinic receptors in
analgesia and anesthesia seems to be complex and un-
clear and hence it requires further study.

We have previously reported that isoflurane and halo-
thane reduce the carbachol-evoked [Caﬁ]Cyt transient
and that such an effect is eliminated in the presence of
KCL' In addition, we have shown that the isoflurane-
sensitive component of the carbachol evoked [C212+]Cyt
transient requires full caffeine-sensitive Ca®" stores and
that the elimination of the isoflurane-sensitivity of the
carbachol response requires Ca®>* release through the
ryanodine channels.?® In SH-SY5Y cells activation of
muscarinic receptors by carbachol stimulates the forma-
tion of inositol triphosphate (IP3).2"*? In many cell
types, including SH-SYS5Y cells, stimulation of IP3 forma-
tion causes, via IP3 receptor activation, the release of
Ca’" from intracellular IP3-sensitive stores, as well as the
entry of Ca?" via plasma membrane cation channels, at
times referred to as capacitative Ca** entry or store-
operated Ca®>" channels.?"**"%7 In this study we used
the human neuroblastoma SH-SY5Y cell line to investi-
gate the modulation of the muscarinic response by
isoflurane in a homogenous population of neuronal cells
and to determine whether the isoflurane-sensitive com-
ponent of the carbachol-evoked [C:;12+]Cyt transient in-
volves Ca®" release from intracellular stores or Ca*"
entry through the plasma membrane.

Materials and Methods

Cell Culture and Solutions

SH-SY5Y human neuroblastoma cells were cultured in
Roswell Park Memorial Institute 1640 medium with L-
Glutamine, supplemented with penicillin (50 U/ml),
streptomycin (50 pug/ml), and 12% fetal bovine serum at
37°C, in a humidified atmosphere containing 5% CO,. All
cell culture components were Gibco BRL products pur-
chased from Life Technologies (Rockville, MD). Experi-
ments were performed on monolayer of cells as previ-
ously reported.”® Cells were plated on glass coverslips
(25-mm diameter) at a density of 2-4 X 10* cells/ml
(2 ml cell suspension/35 mm culture dish) and used
when they formed a confluent monolayer (~10-16 days
after plating). During experimentation cells were contin-
uously perfused with a HEPES buffer containing (in mM)
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140 NaCl, 5 KCI, 5 NaHCO;, 10 HEPES, 1 MgCl,,
1.5 CaCl,, 1 adenosine triphosphate, and 10 glucose (pH
7.4). Experiments were performed at 37°C and the tem-
perature was controlled with a Dual Heater controller
TC-344A and an inline heater SH-27B (Warner Instru-
ments Inc, Hamden, CT). The exchange of the solution
was carried out with a manifold. The solutions contain-
ing 1 mm carbachol, with and without 100 nm conotoxin
GVIA, 10 pm nitrendipine, or 100 um La*", were pre-
pared using the HEPES buffer. Saturated isoflurane
(Ohmeda Caribe Inc., Guayana, PR) solutions were pre-
pared in HEPES buffer 24 h in advance in gas-tight con-
tainers and diluted to the final concentration (1 mm)
immediately before use as previously described."®

Ca’" Measurements

SH-SY5Y cells were loaded with the fluorescent Ca*"
indicator Fura-2*® by incubating the cells attached on
coverslips in the culture medium containing 5 um of the
acetoxymethyl ester of the dye (Fura-2 am; Molecular
Probes, Eugene, OR) for 30 min under culture condi-
tions. After loading, cells were washed three times with
the HEPES buffer, and the coverslips were placed into
the perfusion chamber and perfused (250 wl/min) for 30
min with the HEPES buffer at 37°C before being exposed
to the various drugs. The HEPES buffer without or con-
taining the drugs was perfused at a speed of 250 wl/ml.

The perfusion chamber was set on an inverted micro-
scope (DIAPHOT 300; Nikon, Melville, NY), equipped
with a 40X oil-immersion objective (N.A.1.30; Nikon).
The microscope was connected to a high-speed multi-
wavelength illuminator (DeltaRAM V; Photon Technol-
ogy International Inc., Lawrenceville, NJ). The excitation
wavelengths for Fura-2 (340 nm and 380 nm) were
alternately generated by a monochromator (every
0.02 s). The emitted fluorescence (from the alternated
excitation at 340 and 380 nm) from 15 to 20 cells
was filtered with the fluorescence barrier filter BA
515 nm, collected with a photomultiplier (PMT01-710;
Photon Technology International Inc.), and digitized at
50 Hz.

Data Analysis

Data collection and analysis was carried out using the
software Felix (version 1.42a, Photon Technology Inter-
national), Clampfit (Pclamp 8; Axon Instruments, Foster
City, CA), and GraphPad Prism (GraphPad Software,
Inc., San Diego, CA). For each treatment (corresponding
to data in each figure), experiments were done under
different conditions on sister cultures (same plating day)
and on three to five culture sets (different plating days).
The averaged traces shown in the figures were obtained
by lining up the peak values for the evoked [C212+]Cyt
transients. Unless otherwise indicated, the areas were
obtained over a period of 300 s starting from the onset of
the carbachol evoked [Ca“]m transient on each trace.
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In figures the data represent the delta ratio (A ratio) of
the emission of Fura-2 at 515 nm generated by excitation
at 340 and 380 nm (ratio 340/380).

Statistical Analysis

Comparison between different groups was performed
using unpaired two-tailed Student ¢ test when there was
only one treatment (fig. 1) and one-way analysis of vari-
ance Newman-Keuls test when there was more than one
treatment (figs. 2 and 3) using the GraphPad Prism
(GraphPad Software, Inc.) software.

Results

Isoflurane Sensitivity of the Carbachol-evoked

[Ca’ *]Cy, Transient is Dependent on

Extracellular Ca”™"

We have reported that isoflurane (1 mm) reduced the
carbachol-evoked [Caz*]Cyt transient (fig. 1A-C).*® The
isoflurane effect includes a reduction in the peak and
area under the peak but not in the width at 50% peak
height of the carbachol-evoked [Ca”]Cyt transient (fig.
1A, B, C, D). When the concentration of extracellular
Ca®" was reduced from 1.5 mu to 150 uwm, carbachol still
evoked a [CaH]Cyt transient but its magnitude was lower
and its decay was speeded up, as indicated by the reduc-
tion in the width at 50% peak height (fig. 1E, F, G, H).
These results are consistent with previous observations
in SH-SY5Y cells and indicate that the carbachol-evoked
[Ca® "]y, -transient results from Ca’" release from intra-
cellular Ca?* stores and Ca®>* entry through the plasma
membrane.>"*%?7 Interestingly, in the presence of low
extracellular Ca*", the carbachol-evoked [Ca®"], tran-
sient became insensitive to isoflurane (fig. 1E-H versus
1A-D).

Isoflurane Sensitivity of the Carbachol-evoked

[Ca’ +]cyt Transient is Eliminated by Exposing the

Cells to La’", a Nownselective Cationic

Channel Blocker

Removal of extracellular Ca**, even for short periods,
may induce partial depletion of intracellular Ca®>" stores.
Hence, the elimination of the isoflurane-sensitive com-
ponent of the carbachol-evoked cytoplasmic Ca®" re-
sponse may still involve reduction of Ca*" release from
intracellular store rather than elimination of Ca*" entry
through the plasma membrane. To distinguish between
these possibilities we blocked Ca** entry through the
plasma membrane by using the nonselective cationic
channel blocker La®>*. La** has been shown to block
various voltage-dependent Ca>" channels,***® as well as
other cationic channels known as capacitative Ca*”"
channels.®® La®>* alone did not significantly affect the
peak but decreased the area and reduced the width at
50% peak height of the carbachol-evoked [Ca 2+]Cyt tran-

2202 49quianoN (g uo 3sanb Aq 4pd-#1L000-0000 | ¥00Z-Z#S0000/85525€/568/1/ 101 4pd-alolte/ABojoisayisaue/Bio byese sqnd)/:djy wouy papeojumoq



ISOFLURANE BLOCKS THE CARBACHOL-EVOKED CA?* INFLUX

897

>

CAB (2min)

Fig. 1. Isoflurane reduces the carbachol-
evoked [Ca®']., transient in the pres-
ence, but not in the absence, of extracel-
lular Ca**. The application of isoflurane
was started 10 min before the 2 min car-
bachol stimulation. (4-D) Cells exposed
to 1 mm carbachol (CAB) in the absence
or presence of 1 mum isoflurane and in the
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sient (fig. 2). These results suggest that Ca’" entry
through the plasma membrane mostly contributes to the
decay phase of the carbachol-evoked [C:12+]Cyt transient,
whereas the decrease in the carbachol-evoked [Ca“]Cyt
peak in low extracellular Ca** may reflect partial Ca®"
depletion from intracellular Ca®>* stores. In the presence
of La®>", isoflurane did not produce an additional change
in the carbachol-evoked [Ca® "], transient (fig. 2). The
effect of La®>* was stronger than the effect of isoflurane
(fig. 2A versus fig. 1A), and the main difference was that
La®>*, but not isoflurane, strongly decreased the width of
the carbachol-evoked [Ca”]Cyt transient (fig. 1D versus
fig. 2D). The latter suggests that the isoflurane effect
appears to be mostly at the plasma membrane, probably
by blocking a cationic channel.
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Isoflurane Sensitivity of the Carbachol-evoked

[Ca®" ], Transient is not Eliminated by either

w-Conotoxin GVIA, an N-type Ca’" Channel

Blocker, or by Nitrendipine, an L-type Ca”"

Channel Blocker

Carbachol, through activation of muscarinic receptors,
has been shown to affect voltage-dependent Ca®>" chan-
nels®"*? and to allow Ca*" entry through other nonse-
lective cationic channels.?*~>> In SH-SY5Y cells, the pre-
dominant voltage-dependent Ca®" channels are Ltype
and N-type.*>3” We tested whether these voltage-depen-
dent channels contributed to the carbachol-evoked
[Ca”]Cyt transient and, if so, whether they were the
isoflurane targets underlying the isoflurane reduction in
the carbachol response. It was found that the N-type
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Fig. 2. La®* reduces the carbachol-evoked
[Ca**],, transient and eliminates the
isoflurane sensitivity of the carbachol-
evoked [Ca**], transient. The applica-
tion of La®>* was started 10 min before the
carbachol (CAB) stimulation and the ap-
plication of 1 mm isoflurane (Iso) 5 min
before the carbachol stimulation. The du-
ration of the carbachol stimulation was 2
min. The averaged carbachol-evoked
[Caz"]q,t transient (4) and the correspond-
ing measurements: peaks (B), areas (C),
and widths at 50% peak height (D) of the
carbachol-evoked [Ca**]y, transient in the
absence and presence of La>*, or La*>* plus
isoflurane. Units: Peaks (A ratio 340/380),
Areas (ratio 340/380 * ms), and Width at
50% peak (ms). The horizontal bar in A
indicates a 2-min period. The results were
expressed as mean *= SEM, except for
panel A where they were expressed only as
means. Statistically significant differences
with control are indicated as follows: *P <
0.001, *P < 0.01, #P < 0.05 (Newman-
Keuls test). No statistical difference was
found between the groups treated with

La*>* and with La®>* plus isoflurane. The baseline values (absolute ratio values before the addition of carbachol) were not statistically
different (P > 0.05) between control and the treated groups (data not shown).

Ca®" channel blocker w-conotoxin GVIA at a supramaxi-
mal concentration (100 nm) did not affect the carbachol-
evoked [Ca”]Cyt transient (fig. 3A), whereas the L-type
Ca®" channel blocker nitrendipine at a supramaximal
concentration (10 um) reduced the carbachol-evoked
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[Ca®"]., transient (fig. 3B). This indicated that under
these conditions, exposure to carbachol increases Ca**
entry through L-type, but not N-type, Ca®" channels.
Surprisingly, in the presence of nitrendipine, isoflurane
further reduced the peak and area of the carbachol-

Fig. 3. Nitrendipine a L-type Ca** channel
blocker reduces the carbachol-evoked
[Ca®*],, transient but does not eliminate
the isoflurane sensitivity of the carbachol-
evoked [Ca®**] _,, transient. The application
of the calcium channel blocker was started
10 min before the carbachol (CAB) stimu-
lation; and the application of isoflurane
(1 mm) 5 min before the carbachol stimula-
tion. The duration of the carbachol stimula-
tion was 2 min. (4) The averaged carbachol-
evoked [Ca®*], transients in the absence
and presence of w-conotoxin GVIA (CIX,
100 nm). (B) The averaged carbachol-evoked
[Ca**]., transients in the absence and pres-
ence of nitrendipine (NTP, 10 um); and of
NTP plus 1 mu isoflurane (Iso). The corre-
sponding measurements: peaks (C), areas
(D), and widths at 50% peak height (E) of the
carbachol-evoked [Ca®*],,, transient in the
absence and presence of either w-conotoxin
GVIA, NIP, and NIP plus isoflurane
(NTP+Iso). Units: Peaks (A ratio 340/380);
Areas (ratio 340/380 * ms) and Width at 50%
peak (ms). The horizontal bars in A and B
indicate a 2-min period. The results were ex-
pressed as mean in panels A and B and as
mean * SEM in panels C, D, and E. Statisti-
cally significant differences from control are
indicated as follows: *P < 0.001, *P < 0.01;
and statistically significant differences from
the NTP group are indicated as follows: #P <
0.05 (Newman-Keuls test). The baseline val-
ues (absolute ratio values before the addition
of carbachol) were not statistically different
(P > 0.05) between control and the treated
groups (data not shown).
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Fig. 4. Postulated mechanism for the
isoflurane-sensitivity of the carbachol-
evoked [Ca2+]q,, transient. (4) We postulate
that in SH-SY5Y cells there is an isoflurane-
sensitive cationic channel at the plasma
membrane (CAPC) that is activated (+)
through activation of the muscarinic recep-
tors (M). On its activation, CAPC allows Ca**
entry through the plasma membrane. (B)
Ca** influx through the CAPC is inhibited (-)
by isoflurane (ISO), La*>* and possibly by ei-
ther an interaction with the ryanodine-sen-
sitive Ca** release channel (RYR) or by a
Ca** release through RYR channels located
at the caffeine-sensitive Ca®?* stores (CAF-
stores). Under control conditions, the carba-
chol-evoked [Caz*']q,t transient results from
Ca®" release from the IP3-sensitive Ca®*
stores (IP3-stores) and from at least some of
the caffeine-sensitive Ca** stores,” and fi-
nally from the Ca®* influx through a puta-
tive isoflurane-sensitive plasma membrane
cationic channel (CAPC). The carbachol-
evoked [Ca®*]., transient is reduced by
isoflurane before (C) but not after treatment
with either KCl or La** (D). Exposure to KCl
depolarizes the plasma membrane leading to
opening of voltage-dependent Ca** channels
(VDCC), which in turn leads to opening of
RYR channels by a process called Ca**-in-
duced Ca®* release. IP3 = inositol triphos-
phate; IP3R = IP3-sensitive Ca®>" channels.

evoked [Ca®"] ., transient (fig. 3C, D) without affecting
the width at 50% peak (fig. 3E). Therefore, the isoflurane
effect on the carbachol-evoked [Ca®"] ., transient is not
attributable to the isoflurane effects on the L-type or N-
type Ca®" channels but to an isoflurane effect on a
La’"-sensitive plasma membrane cationic channel.

Discussion

As previously reported,?'**?7 it was found that in the

human neuroblastoma cell line SH-SY5Y cells, the carba-
chol-evoked [Ca®"]., transient involves both Ca*" re-
lease from intracellular Ca®" stores and Ca*>* entry through
the plasma membrane. Moreover, we found that the block-
ing effect of isoflurane on the carbachol-evoked [Ca”]Cw
transient appears to be mediated by blocking the carba-
cholevoked Ca®" entry through the plasma membrane.
This isoflurane sensitive Ca** entry involves a cationic
channel that is different from the L-type or N-type voltage-
dependent Ca®" channels. These results together with our
previous observations'®?® indicate that at the concentra-
tions used, isoflurane blocks only part of the carbachol-
evoked [Ca”]Cyt response, apparently at a site at the
plasma membrane that is distal to the muscarinic receptor.

In SH-SY5Y cells the carbachol-evoked [C212+]Cyt tran-
sient is blocked by atropine®®® and is resistant to the
N-type channel blocker (w-conotoxin).>® Previously, it
was found that the carbachol-evoked [Ca2+]Cyt increase
was also resistant to a maximal effective concentration
(1 um) of the Ltype channel blocker dihydropyridine

Anesthesiology, V 101, No 4, Oct 2004

Control Isoflurane

CAB-evoked A[Ca?],,,

KCI KCI + Isoflurane

CAB-evoked A[Ca?'],,,

+PN 200-110.%® However, in this study we found that
the L-type channel blocker, nitrendipine (10 um) re-
duced the carbachol-evoked [Ca®"],, transient without
eliminating its sensitivity to isoflurane. This was surpris-
ing because volatile anesthetics are known to reduce the
magnitude of L-type Ca*>* channel currents.®”%° If L-type
channels are contributing to the carbachol-evoked
[C32+]Cyt transient, blocking them should reduce the
isoflurane sensitivity of the carbachol-evoked [Ca®"],
transient, which did not occur. One possible explana-
tion is that at the high concentration of nitrendipine
used in this study, nitrendipine may be reducing the
carbachol-evoked [Czl”]Cyt transient by interfering with
the G-protein-linked muscarinic receptors rather than by
blocking L-type Ca®* currents.*!~%3

Because La®>*, but not N-type or L-type Ca*" channel
blockers, eliminated the isoflurane action on the carba-
chol-evoked [Ca”]Cyt transient, isoflurane may be reduc-
ing the carbachol-evoked [CaZJ']Cyt transient by blocking
a cationic channel at the plasma membrane. As La®>", but
not isoflurane, reduced the width at 50% peak, it indi-
cates that SH-SY5Y cells may express several nonvoltage
dependent cationic channels that mediate Ca*" influx
upon muscarinic activation and that isoflurane acts only
in a subgroup of these channels.

There are at least two possible candidates for the
isoflurane-sensitive plasma-membrane cationic channel,
an inositol IP3-activated IP3-channel and a capacitative
Ca®" channel. There is evidence suggesting the pres-
ence of plasma membrane-IP3 receptors in mammalian
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neurons. IP3-activated inward Ba®>" currents have been
recorded in excised inside-out patches of primary cul-
tured Purkinje cells** and in olfactory neurons of rat.*>
However, halothane has been shown to increase, rather
than decrease, Ca?* currents through IP3 receptors.*®
Moreover, it has been argued that there are no IP3
receptors on the plasma membrane but a group of IP3
receptors located very close to the plasma membrane
that on activation in turn activate cationic channels on
the plasma membrane.*”*® Capacitative Ca*" influx is
mediated by channels that are opened in response to
depletion of intracellular Ca** stores.*” There appear to
be various types of capacitative Ca?>" channels.**>°
Opening of capacitative channels after activation of G-
protein-linked receptors, such as muscarinic receptors,
involves receptor-mediated activation of phospholipase
C and Ca®" release by IP3.* Isoflurane has been shown
to inhibit the histamine-induced Ca*" influx in primary
cultures of human endothelial cells.”! In rat glioma C6
cells, volatile anesthetics appear to have different inhib-
itory effects on capacitative Ca*>" influx such that strong
inhibition is observed with halothane but not with en-
flurane.>” It is then possible that isoflurane is inhibiting
muscarinic-activated capacitative Ca*" influx in the SH-
SYS5Y cells.

We would like to postulate that this isoflurane-sensi-
tive cationic channel contributes either to the anesthetic
potency or to the side effects of isoflurane. The previ-
ously reported variable effects of muscarinic blockers (as
with other G-protein linked receptors) on the minimal
alveolar anesthetic concentration of inhaled anesthetics
might in part reflect differences in magnitude of the
muscarinic-mediated modulation of various cationic
channels. Although the muscarinic-mediated activation
of the isoflurane-sensitive cationic channel might reduce
the isoflurane potency, the muscarinic-mediated inhibi-
tion of voltage-dependent channels®'>* might increase
the isoflurane potency. The net effect of a muscarinic
agent on the isoflurane potency for reducing the musca-
rinic-evoked increases in [Ca®"] ., would then depend
on the contribution of each of the cationic channels in
the different brain and spinal regions where the musca-
rinic agents are applied.

We previously reported that the isoflurane-action on
the carbachol-evoked [Ca”]Cyt transient required that
the caffeine-sensitive Ca>" stores were not depleted (by
either KCl or caffeine pretreatment) and that ryanodine-
sensitive Ca’" release channels were open.'”?° One
possible explanation is that there is an open conforma-
tion of ryanodine-sensitive Ca’" release channels that
interacts with the muscarinic-activated cationic channels
and prevents their opening. Another explanation is that
because of distinct spatial distribution, Ca** release
through the ryanodine-sensitive channels blocks the
isoflurane-sensitive cationic channels, whereas Ca’" re-
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lease through IP3-sensitive channels opens the isoflu-
rane-sensitive cationic channels.

In summary, we postulate that in SH-SY5Y cells there is
an isoflurane-sensitive cationic channel at the plasma
membrane that is activated by carbachol and inhibited
by La**, isoflurane, and, possibly, through an interaction
with the ryanodine-sensitive Ca®" release channel or by
a Ca®" release through these channels (fig. 4). As dis-
cussed above, a possible candidate is a isoflurane-sensi-
tive capacitative Ca>* channel. This potential target of
isoflurane may serve as a site at which isoflurane may
affect at least some of the actions of most of the G-
protein linked receptors. The magnitude of the isoflu-
rane effect on a given G-protein linked receptor would
then be determined in part by the ability of the receptor
to activate these isoflurane-sensitive capacitative Ca**
channels.

The authors thank June Biedler, Ph.D. for providing the SH-SY5Y human
neuroblastoma cells (Sloan-Kettering Institute for Cancer Research, Rye, New
York).
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