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Isoflurane Reduction of Carbachol-evoked Cytoplasmic
Calcium Transients Is Dependent on Caffeine-sensitive

Calcium Stores
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Background: Many muscarinic functions are relevant to an-
esthesia, and alterations in muscarinic activity affect the anes-
thetic/analgesic potency of various drugs. Volatile anesthetics
have been shown to depress muscarinic receptor function, and
inhibition of the muscarinic signaling pathway alters the min-
imal alveolar anesthetic concentration of inhaled anesthetics.
The purpose of this investigation was to determine in a neuro-
nal cell which source of Ca** underlying the carbachol-evoked
transient increase in cytoplasmic Ca®** was reduced by
isoflurane.

Methods: Experiments were performed at 37°C on continu-
ously perfused monolayers of human neuroblastoma SH-SY5Y
cells using Fura-2 as the cytoplasmic Ca** indicator. Carbachol
(1 mm) was applied to evoke a transient increase in cytoplasmic
Ca**.

Results: Isoflurane (1 mm) reduces the carbachol-evoked tran-
sient increase in cytoplasmic Ca**, and this isoflurane action is
eliminated when the cells are continuously stimulated with 200
mmM KCl or pretreated with 10 mm caffeine or 200 um ryanodine.

Conclusions: Isoflurane reduction of the carbachol-evoked
transient increase in cytoplasmic Ca** requires full caffeine-
sensitive Ca’®* stores and Ca®* release from the caffeine-sensi-
tive stores through the ryanodine-sensitive Ca** release chan-
nels. The results indicate that isoflurane interferes with a
muscarinic Ca®>* signaling through a mechanism downstream
from the muscarinic receptors.

MANY muscarinic functions are relevant to anesthesia
and alterations in muscarinic activity affect the anesthet-
ic/analgesic potency of various drugs. Brain stem mus-
carinic signaling modulates the level of consciousness,’
whereas cortical muscarinic signaling affects memory
and learning.*? Spinal muscarinic receptors inhibit glu-
tamate release® and enhance y-aminobutyric acid re-
lease.” Muscarinic agonists have been reported to en-
hance antinociceptive effects, and this enhancement is
blocked by pretreatment with M1, M2, or M3 muscarinic
receptor antagonists or with antisense inhibition of M1
I'CCCptOI‘S.6_8 However, there are also reports indicating
that muscarinic block enhances the analgesic/anesthetic
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action of various drugs, and that some of these drugs
induce muscarinic block.”'® Halothane and isoflurane
have been shown to depress muscarinic receptor func-
tion,"'~'% and inhibition of the muscarinic signaling path-
way has been shown to have variable effects on the
minimal alveolar anesthetic concentration of inhaled an-
esthetics.> Therefore, the role of muscarinic receptors
in analgesia/anesthesia seems to be complex and can
either augment or attenuate the anesthetic potency of
the volatile anesthetics.

Muscarinic activation leads to a transient elevation of
cytoplasmic Ca*" ([Ca®"].,,) through Ca®" release from
intracellular stores. We investigated the action of volatile
anesthetics on the [Ca”]Cyt transients evoked by a mus-
carinic agonist, carbachol, in human SH-SY5Y cells. We
previously reported that halothane reduced the carba-
chol-evoked [Ca®'].,, transient in a concentration-de-
pendent manner, and that sustained stimulation with
KCl eliminated this effect of halothane.'® The Ca*" con-
tributing to the carbachol-evoked [sz12+]Cyt transient
seems to derive from both inositol tri-phosphate-sensi-
tive and caffeine-sensitive Ca>" stores.'® The purpose of
this investigation was to determine which source of
Ca’* underlying the carbachol-evoked [Ca®*]., tran-
sient was reduced by isoflurane.

cyt

Materials and Methods

Cell Culture and Solutions

Experiments were performed on monolayers of SH-SY5Y
human neuroblastoma cells (originally provided by June
Biedler, Ph.D., Sloan-Kettering Institute for Cancer Re-
search, Rye, NY at the providing time; Dr. Biedler is cur-
rently a Distinguished Resident Scientist, Fordham Univer-
sity, Bronx, NY), passages 60-94. Cells were cultured in
RPMI1640 medium with r-glutamine, supplemented with
penicillin (50 U/ml), streptomycin (50 ug/ml), and 12%
fetal bovine serum at 37°C, in a humidified atmosphere
containing 5% CO,. All cell culture components were
Gibco BRL products purchased from Life Technologies
(Rockville, MD). Cells were plated on glass coverslips
(25-mm diameter) at a density of approximately 2-4 X 10*
cells/ml (2 ml/Petri dish) and used when they formed a
confluent monolayer (Z.e., between 8-20 days after plat-
ing). The bath solution was a HEPES buffer containing
(in mm) 140 NaCl, 5 KCI, 5 NaHCO;, 10 HEPES, 1 MgCl,,
1.5 CaCl,, 1 ATP, and 10 glucose (pH 7.4). All experiments
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were performed at 37°C, and the temperature was con-
trolled with a Dual Heater controller TC-344A and an inline
heater SH-27B (Warner Instruments Inc., Hamden CT). All
the solutions and instruments were prewarmed to 37°C
before being used. The exchange of the solution was done
using a manifold, with its common outlet placed in the
entrance of the heater inline. The solutions containing [200
mm] KCI (EM-Science), [10 mMm] caffeine, [1 mm] carbachol,
or [200 um] ryanodine were prepared using the HEPES
buffer. Saturated isoflurane (Ohmeda Caribe Inc., Guayana,
PR) solutions were prepared in HEPES buffer 24 h in ad-
vance in gas-tight containers and diluted to the final con-
centration (1 mm) immediately before used as previously
described.'®

Ca’" Measurements

SH-SY5Y cells were loaded with the fluorescent Ca*"
indicator Fura-2'” by incubating the cells 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 conditions.'® After loading, cells
were gently 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 buffer at 37°C
to allow their equilibration with the experimental envi-
ronment before being exposed to the various drugs. The
bath solution alone and containing the individual or
combination of drugs was perfused at 250 ul/min for
various periods as indicated in the figure legends.

The perfusion chamber was set on an inverted micro-
scope (DIAPHOT 300; Nikon, Melville, NY) equipped with
a X40 oilimmersion objective (N.A.1.30, Nikon). The mi-
croscope was attached to a high-speed multiwavelength
illuminator (DeltaRAM V; Photon Technology Interna-
tional, Inc., PTI, Lawrenceville, NJ). The excitation wave-
lengths for Fura-2 (340 nm and 380 nm) were alternately
(every 0.02 s) generated with a monochromator. The emit-
ted fluorescence (from the alternated excitation at 340 and
380 nm) from 15-20 cells was filtered with the fluores-
cence barrier filter BA 515 nm, collected with a photomul-
tiplier (PMTO01-710, Photon Technology International),
and digitized at 50 Hz.

Data Analysis

Data collection and analysis was carried out with Felix
(version 1.42a, Photon Technology International) and
Clampfit (Pclamp 8; Axon Instruments, Foster City, CA)
software. For each treatment (corresponding to data in
each figure), experiments were performed under differ-
ent 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 [Ca2+]Cyt tran-
sients. Unless otherwise indicated, the areas were ob-
tained over a period of 300 s starting from the onset of
the carbachol-evoked [CaZ*]Cyt transient on each trace.
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In the figures, the data represent the ratio (in protocols
and steady states) or the A ratio (for peak and areas) of
the emission of Fura-2 at 515 nm obtained with 340 and
380 nm excitations (ratio 340/380). Control steady-state
levels were measured just before the addition of any
compound, and the new steady-state level after the ad-
dition of a particular compound was measured just be-
fore the addition of the subsequent compound. Steady-
state levels measurements are expressed as ratio (340/
380) values.

Statistical Analysis

Comparison between different groups was performed
using the unpaired or paired two-tailed ¢ test with Sigma
software (Jandel Scientific Corp., San Rafael, CA).
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Fig. 1. Atropine blocks the carbachol-evoked [Caz*']cyt tran-
sient. Cells were exposed to 1 mm carbachol (CAB) for 2 min
in the absence or presence of 1 um atropine. (4) The averaged
carbachol-evoked [Ca“]cyt transients in the absence and
presence of atropine. Number sign indicates the location of
the carbachol-evoked [Ca®**].,, peak in the presence of atro-
pine. The inset shows the steady-state levels of [Cz:12+]cy in the
absence and presence of atropine. (B) The maximal response
at the time of the carbachol-evoked [Ca2+]cyt peak in the
absence of atropine (90 sec) and in the presence of atropine
(520 sec) (left); and the area values during either the entire
(Total) or the first 300 s (Ist 300 sec) of the carbachol-evoked
[C::lz*']Cy1 transient (right). Asterisk indicates a statistically
significant difference (P < 0.0001, paired ¢ test) between
control and atropine conditions.
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Fig. 2. Isoflurane reduces the carbachol-
evoked [Cenz"]cyt transient, and this reduc-
tion is eliminated by continuous expo-
sure to KClL. (4, B) Cells were exposed to 1
mMm carbachol (CAB) for 2 min in the ab-
sence or presence of 1 mm isoflurane
(ISO). The application of isoflurane was
started 10 min before the carbachol stim-
ulation. (4) The averaged carbachol-
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Results

Atropine Blocked the Carbachol-evoked [Ca’ ]Cy,

Transient

Atropine (1 um), a muscarinic blocker, completely
(>99%) blocked the main peak of the carbachol-evoked
[Ca”]Cyt transient (fig. 1, 90 sec). Carbachol activated a
small nonmuscarinic increase in [Ca”]Cyt that was acti-
vated later than the main muscarinic-evoked [Ca“]Cyt
increase (fig. 1A) and it represented 7.4% of the total
area of the carbachol-evoked [Ca”]Cyt transient (fig. 1B,
Total). In the following sections, the area measurements
for the carbachol-evoked [CaH]Cyt transients were per-
formed over the first 300 s after the onset of the carba-
chol-evoked [Ca”]Cyt transient; during this period, the
nonmuscarinic component represents less than 2% of
the area (fig. 1B, Ist 300 sec).

Isoflurane Reduced the Carbachol-evoked ca’ *]Cy,

Transient and Continuous Stimulation with KCI

Eliminated the Isoflurane-mediated Reduction of

the Carbachol-evoked [Ca’ +]Cy, Transient

Figure 2 shows the averaged response for the carbachol-
evoked [Ca”]Cyt transient before and after the exposure to
1 mm isoflurane. Isoflurane significantly reduced the peak
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and the area of the carbachol-evoked [C:;12+]Cyt transient
(fig. 2A and B). Continuous stimulation with 200 mm KCI
reduced the carbachol-evoked [Ca®™] oyt TESpPONSE (fig. 2D
vs. A). However, if the cells were continuously stimulated
with 200 mm KCI, 1 mm isoflurane did not produce addi-
tional changes in the peak height or the area of the carba-
chol-evoked [Ca®™] oy TEsponse (fig. 2D and E). Isoflurane
produced a slight increase in the steady-state level of
[Ca”]Cyt that only became significant when the paired data
were considered (fig. 2C). However, continuous KCI stim-
ulation produced a large increase in the [Ca®"] oy Steady-
state level, and this increase was attenuated by isoflurane
(fig. 2F). Isoflurane also reduced the peak and area values of
the KCl-evoked [Ca®"],,, transient (fig. 3). We previously
reported that isoflurane had a biphasic concentration-de-
pendent effect on the KClevoked [Ca®'],,, transient, in-
creasing the transient at low concentrations and decreasing
it at higher concentrations.'® In our previous study, 1 mu
isoflurane produced no significant change compared with
the control value,'® but in this study it decreased the KCI-
evoked [Ca”]m transient, suggesting that a sensitivity in-
crease in the isoflurane effect mediates the reduction of the
KClevoked [Ca®"],,, transient. This difference may have
resulted from the different conditions under which the
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Fig. 3. Isoflurane reduces the KCl-evoked [Ca®**]_, transient. The

conditions are the same as described in figure 1B. (4) The
averaged KCl-evoked [Caz"]Cyt transients in the absence and
presence of 1 mym isoflurane (ISO). (B) The mean peak and area
values for the KCl-evoked [Caz"]Cyt transients in the absence and
presence of isoflurane. The corresponding steady-state levels of
[Ca**].,, are shown in figure 2F. Asterisks indicate a statistically
significant difference (P < 0.001, unpaired ¢ test) between con-
trol and isoflurane conditions.

cells were grown (high-density confluent multilayer'® vs.
monolayer). However, in both studies it is clear that con-
tinuos treatment with KCl eliminated the inhibition by
both halothane'® and isoflurane (present study) of the car-
bachol-evoked [Ca”]Cw response.

Isoflurane-mediated Reduction of the Carbachol-

evoked [Ca’ +]Cyt Transient Required Full Caffeine-

sensitive Ca’" Stores

We then investigated whether a direct depletion of the
caffeine-sensitive Ca®" stores could also eliminate the
isoflurane-mediated reduction of the carbachol-evoked
[C32+]Cyt transient. We previously showed that the car-
bachol-evoked [Ca®"],,, transient involves Ca®" release
mostly from the inositol tri-phosphate-sensitive Ca*"
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Fig. 4. Caffeine treatment eliminates isoflurane-mediated reduc-
tion of the carbachol-evoked [Ca”]Cyt transient. Cells were ex-
posed to 1 mm carbachol (CAB) for 2 min in the presence of
10 mwm caffeine (CAF) and in the absence or presence of 1 mm
isoflurane (ISO). The application of isoflurane was started
10 min before the carbachol stimulation, and the application of
caffeine was started 5 min before the carbachol stimulation. (4)
The averaged carbachol-evoked [Ca®*].,, transient in the ab-
sence and presence of isoflurane. (B) The mean peak and area
values for the carbachol-evoked [Ca”]Cyt transient in the ab-
sence and presence of isoflurane. (C) The corresponding
steady-state levels of [Ca2+]cyt. Asterisk indicates a statistically
significant difference (P < 0.05, unpaired ¢ test) between con-
trol and a given group.

store but also from caffeine-sensitive stores.'® In this
study, we found that pretreatment with 10 mwm caffeine
reduced the carbachol-evoked [Ca”]Cyt response (fig.
4A wvs. fig. 2A, controls). In the presence of caffeine,
isoflurane did not produce an additional reduction of the
carbachol-evoked [Ca”]Cyt response (fig. 4), suggesting
that this action of isoflurane requires a full caffeine-
sensitive Ca’" store. The steady-state level of [Ca®"],
was not affected by isoflurane or caffeine when added
individually, and it only displayed a slightly significant
increase when they were applied together (fig. 4C).
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Fig. 5. Ryanodine decreases the KCl-evoked [Ca®*]_,, transient.
Cells were stimulated two consecutive times with 200 mm KCl in
the absence (4) and presence (B) of 200 um ryanodine (Ry). The
application of ryanodine was started 5 min before the first KCI1
stimulation, and KCl was applied for 2 min. The time interval
between the first and second KCI pulse was 18 min. When cells
were exposed to ryanodine, the initial response was an increase
in the [Caz*']q,t (indicated with an arrow). (C) The mean peak
values for the first and the second KCl-evoked [Ca®*], tran-
sients in the absence (open circles) and presence (filled circles)
of ryanodine. Asterisk and number sign indicate a statistically
significant difference (P < 0.02 and P < 0.05, respectively;
unpaired ¢ test) between control and ryanodine groups.

Isoflurane-mediated Reduction of the Carbachol-

evoked [Ca’" ], Transient Required Ca’" Release

Jrom the Caffeine-sensitive Store through the

Ryanodine-sensitive Ca" Release Channels

To test whether the isoflurane-mediated reduction of
the carbachol-evoked [Ca®']., required Ca’" release
from caffeine-sensitive store through ryanodine-sensitive
Ca®" release channels, we blocked ryanodine-sensitive
Ca®" release channels by exposing the cells to 200 um
ryanodine. Because activation of Ca>" release channels is
required to obtain maximal channel block by ryano-
dine,'®' the following protocol was developed. Cells
were pretreated for 5 min with ryanodine, exposed to a
short KCI pulse (to activate ryanodine-sensitive Ca*"
release channels), and after 18 min (time required for
Ca®" refilling of intracellular Ca>" stores) exposed to
carbachol. The level of channel block was determined
by measuring the ryanodine action on two consecutive
KCl-evoked [Ca”]Cyt transients (fig. 5). When cells were
exposed to ryanodine, the initial response was an in-
crease in the [Ca”]Cyt (fig. 5, arrow), which has been
reported to reflect activation of ryanodine-sensitive Ca**
channels.'®?° Ryanodine showed only a small blocking
effect on the first KCl-evoked [Ca”]Cyt response (fig. 5C,
1st), even when cells were exposed to ryanodine for
48 h (data not shown); however, ryanodine strongly
blocked the second KCl-evoked [Ca”]Cyt response (fig.
5C, 2nd). In contrast to the continuous exposure to KCI
(fig. 2D), the KCI pulse did not eliminate the isoflurane-
mediated reduction of the carbachol-evoked [Ca“]Cyt
transient (fig. 6); although the isoflurane-mediated area
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reduction was significant, the peak reduction did not
reach a significant level (fig. 6A and B). Ryanodine pre-
treatment did not significantly decrease the carbachol-
evoked [C212+]Cyt response (peak or area) (fig. 6A and B,
control vs. fig. 6D and E, control), in contrast to contin-
uous exposure to KCl (fig. 2B, control vs. E, control) or
caffeine treatment (fig. 4B, control vs. fig. 2B, control).
However, ryanodine pretreatment still eliminated the
isoflurane-mediated reduction of the carbachol-evoked
[C32+]Cyt transient (fig. 6D and E), suggesting that the
isoflurane-mediated reduction of the carbachol-evoked
[C32+]Cyt transient requires Ca®>" release from the caf-
feine-sensitive Ca®>" stores through ryanodine-sensitive
Ca’"-release channels. The steady-state level of [Ca® "],
was slightly increased after the KCI pulse (fig. 6C) or
after ryanodine pretreatment (fig. 6F); under both of
these conditions, the addition of isoflurane did not pro-
duce additional changes in the steady-state level of
[Ca®" ], (fig. 6C and F).

cyt

Discussion

The purpose of this study was to determine the intra-
cellular source of the portion of the carbachol-evoked
[C32+]Cyt transient that was reduced by volatile anesthet-
ics. Our previous work suggested that this portion of
Ca’* was derived from the caffeine-sensitive Ca’"
store.'® We have demonstrated in this study that the
portion of the carbachol-evoked [C212+]Cyt transient that
is reduced by halothane is also reduced by isoflurane,
that it arises from the caffeine-sensitive Ca>" store, and
that it is released from the caffeine-sensitive store
through ryanodine-sensitive Ca®>" release channels.

The role of muscarinic receptors in analgesia/anesthe-
sia is complex because, as discussed previously, both
activation and blockade of muscarinic receptors have
been shown to be analgesic. Our results indicate that, at
the concentrations used, isoflurane blocks only part of
the carbachol-evoked [Ca2+]Cyt response, apparently at
site that is distal to the muscarinic receptor. This isoflu-
rane-sensitive component may be contributing to the
anesthetic potency of isoflurane. The previously re-
ported variable effects of muscarinic blockers on the
minimum alveolar concentration of inhaled anesthetics
could reflect differences in the magnitude of this isoflu-
rane-sensitive component in various brain/spinal re-
gions, where the muscarinic blockers were applied.

The experiments with caffeine show that the isoflu-
rane-mediated blocking action on the carbachol-evoked
[Ca®"].,, transient requires that caffeine-sensitive Ca®"
stores are not depleted. We show that ryanodine at
200 pm, which is known to be a maximal blocking
concentration,'>?! reduces the KClevoked [Ca®'].,
response by 50% without reducing the carbachol-evoked
[C32+]Cyt response, and eliminates the isoflurane-medi-
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ated blocking effect on the carbachol-evoked [C212+]Cyt
transient. This finding indicates that Ca®" release
through ryanodine channels is required for the isoflu-
rane-mediated blocking action on the carbachol-evoked
[C32+]Cyt transient. There are several possible explana-
tions for the mechanism by which isoflurane and halo-
thane may reduce the carbachol-evoked [Ca”]Cyt tran-
sient. One possibility is that isoflurane and halothane
actually block the opening of the ryanodine-sensitive
Ca®" release channel; however, this appears unlikely
because halothane,?? and perhaps isoflurane,'® actually
enhance the opening of the ryanodine-sensitive Ca*"
release channel. A second possibility is that isoflurane
decreases the level of Ca®" in the caffeine-sensitive Ca**
stores by enhancing Ca®>" release through ryanodine-
sensitive Ca>" channels. However, further experiments
are required to determine whether the isoflurane action
on the carbachol-evoked [Caﬁ]Cyt transient results from
a direct or indirect action of isoflurane on the ryanodine-
sensitive Ca®>" channels. As an indirect action, Ca*" is
released from the caffeine-sensitive stores and shuttled
to the inositol tri-phosphate-sensitive stores through vol-
atile-anesthetic-sensitive transporters (e.g., similar to the
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binding of Ca*", entering through 1-type Ca** channels,
to calmodulin),?>?* or Ca?" could be released from the
caffeine-sensitive stores and inhibits a volatile-anesthetic-
sensitive channel (e.g., capacitative channels at the
plasma membrane). In addition, Ca*" released through
the ryanodine-sensitive Ca>* channels could be in close
vicinity to Ca®" transport systems that are activated by
volatile anesthetics such as the sarco/endoplasmic retic-
ulum Ca*"-pumping adenosine triphosphatase.” At this
time there is no evidence to implicate any of these or
other possible mechanisms. In SH-SY5Y cells, muscarinic
agonists increase [Ca”]Cyt and the level of inositol tri-
phosphate,®® and in smooth muscle cells halothane de-
creases the carbachol-evoked [CaZ*]Cyt increase and re-
duces inositol tri-phosphate production.”” Therefore,
isoflurane may inhibit the carbachol-evoked [Ca“]m
transient by reducing the inositol tri-phosphate produc-
tion. However, a decrease in the inositol tri-phosphate
production or any direct isoflurane action on muscarinic
receptors (even if they take place) would not explain
our observations. If the latter actions were responsible
for the isoflurane-mediated decrease in the carbachol

evoked [C32+]Cyt transient, the isoflurane effect under
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the various conditions studied (continuous KCl, ryano-
dine or caffeine treatment) would still be expected.

In summary, this study shows that isoflurane interferes
with muscarinic-evoked [Caﬁ]Cyt transients through a
mechanism downstream from the muscarinic receptors.
Isoflurane reduces the carbachol-evoked [Caﬁ]Cyt tran-
sient. The carbachol-evoked [Caﬁ]Cyt transient is depen-
dent on Ca’>* derived from both inositol tri-phosphate-
and caffeine-sensitive Ca®" stores. Reduction of the car-
bachol-evoked [C212+]Cyt transient by isoflurane is elimi-
nated either when the caffeine-sensitive Ca>" store is
depleted or when the release of Ca®>" from the caffeine-
sensitive Ca®" store is blocked by ryanodine. The rela-
tionship between the modulation of Ca®>" homeostasis
by volatile anesthetics and the mechanisms of anesthesia
remains unclear and must be examined in more complex
systems.
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