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" Ibiopental and Methobexital Depress Ca’" Entry

‘Vinto and Glutamate Release from Cultured Neurons

W Ning Miao, M.D.,* Kaoru Nagao, M.D., Ph.D.,t Carl Lynch Ill, M.D., Ph.D.*

Background: Although barbiturates activate a-aminobutyric
% acid type A receptors as part of their hypnotic effect, these
i drugs also inhibit voltage-gated calcium channels. The authors
W determined if barbiturates could decrease neuronal intracellu-
4l lar Ca’’ transients and the resulting glutamate release.
Methods: Neonatal rat cerebellar granule neurons were iso-
! lated and cultured on coverslips and studied at 37°C. Spec-
© trofluorometric assays were used during identical conditions
¥ to monitor intracellular Ca’" with the Ca*'-sensitive fluoro-
1 phore fura-2 and glutamate release by a glutamate dehydroge-
1 nase-coupled assay, which produced the reduced form of nico-
¢ tinamide-adenine dinucleotide phosphate in proportion to the
+ amount of glutamate released. Neurons were depolarized by
* a rapid increase in external [K'] from 5 to 55 mm. Control
¢ responses were compared with those in the presence of 10,
30, and 100 pm thiopental; 3, 10, and 30 um methohexital:
! decreased external [Ca*‘]; or voltage-gated calcium channel
I blockers.
Results: Thiopental and methohexital depressed the intra-
¢ cellular Ca®" transient peak and plateau in a dose-dependent
manner, as did decreased Ca*". The intermediate dose of either
I drug caused ~50% decrease in peak intracellular Ca>* and 60%
decrease in glutamate release. In the presence of specific L-
and/or N-type voltage-gated calcium channel blockade by ni-
cardipine or w-conotoxin-GVIA, respectively, 30 um thiopental
further decreased the intracellular Ca®* transient. Thiopental
caused a dose-dependent decrease in glutamate release, which
was proportional to the decreased peak intracellular Ca>*.
Conclusions: Thiopental and methohexital depress the de-
polarization-induced increase in intracellular Ca*>* and the ac-
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companying glutamate release, actions which can contribute
to the anesthetic and neuronal protective effects of these
drugs. (Key words: Anesthetic mechanisms; barbituates; cal-
cium channels; calcium; neural protection; synaptic transmis-
sion.)

THE anesthetic potency of the barbiturate class of seda-
tive hypnotic agents has long been recognized. A major
site of action of these drugs regarding their sedative
hypnotic effects is related to their binding to the -
aminobutyric acid type A (GABA,) receptor - chloride
channel complex.' " A variety of studies have demon-
strated, however, that in addition to effects on the
GABA, receptor, barbiturates also modulate several
other ion channels,”* including voltage-gated neuronal
calcium channels.””” Granule neurons are the most
common neuron in the central nervous system,'’ and
those isolated from the cerebellum have been used
widely in isolated culture for toxicologic and pharmaco-
logic investigation as a well-established, uniform model
of a neuronal cell.'""* In cerebellar granule (CG) neu-
rons, influx of Ca*" through a variety of types of voltage-
gated calcium channels (VGCCs)'*'® leads to an in-
crease in intracellular Ca** concentration ([Ca>*],)'? and
release of the excitatory neurotransmitter glutamate.'” >
Using CG neurons, we examined the effects of clinical
concentrations of the rapidly acting barbiturates thio-
pental and methohexital on the depolarization-induced
increase of [Ca®"], and the resulting glutamate release.
Drug actions were compared with those observed with
altered extracellular [Ca®"] and with blockade of spe-
cific VGCCs.

Methods

Cell Isolation and Culture

Cerebellar granule neurons were prepared using a
modification of the method of Novelli et al'' Using a
protocol approved by the University of Virginia Animal
Research Committee, cerebella were dissected from
10- 14 Sprague-Dawley rat pups 5-7 days old. The tis-
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sues were cross-chopped into 0.3-mm?* blocks and sus-
pended for 45 min at 37°C in solution A, which con-
tained 0.25 mg/ml trypsin type Il and (in mm) 140 Na ",
5.4 K, 1.2 Mg**, 140 Cl", 1 H,PO, , 14.5 glucose, 25
HEPES, and 0.3% bovine serum albumin, adjusted to pH
7.4. After 45 min, DNase I and trypsin inhibitor were
added, and the suspension was gently centrifuged for
2 min. The supernatant was discarded, and the pellet
was triturated 70 times in solution A without trypsin.
After 5 min, MgCl, (to 2.5 mm) and CaCl, (0.1 mm)
were added to solution A, and the cell suspension was
collected, filtered through 70-um mesh, and recentri-
fuged for 2 min. Neurons (2 X 10%) from the resus-
pended pellet (2 X 10°) were plated onto glass cov-
erslips (11 X 22 mm, coated with poly-L-lysine or lightly
etched with 10 m NaOH) in culture dishes. Neurons
were cultured in basal Eagle’s medium with 10% heat-
inactivated fetal calf serum, 2 mMm glutamine, 100 ug/
ml gentamicin, and 25 mm KCI, a partially depolarizing
medium which stabilizes growth of CG neurons and
prevents apoptosis. Proliferation of glial cells was pre-
vented by addition of 10 um cytosine arabinoside 24 h
after plating. Cerebellar granule neurons were main-
tained in 5% CO,/95% air at 37°C and were used at 4 -
8 days in culture. At the time of study, 7- to 10-um
neurons were clustered in 30- to 70-um aggregations of
cells, with “cables” forming connections between the
scattered cell aggregates, a pattern identical to that dem-
onstrated previously.”'

Biochemical reagents were obtained from Sigma
Chemical Company (St. Louis, MO) unless otherwise
indicated. Appropriate aliquots of 100 mm thiopental
(Gensia Labs, Ltd., Irvine, CA) or 100 mMm methohexital
(Eli Lilly, Indianapolis, IN) as the Na" salt were added
to the solutions 5 min before depolarization by addition
of KCL.

Measurement of Intracellular Calcium

Concentration in Cultured Granule Neurons

Cytosolic [Ca”"], was measured using fura-2. Neurons
on coverslips were incubated at 37°C for 20 min in basal
medium containing 3 pm fura-2-AM (Molecular Probes,
Eugene, OR), 16 pm bovine serum albumin, and (inmm)
155 Ne™, 50 127, 155 @, 5 00, 1 18520, ,1.25
Mg®*, 1.2 Ca’", 5 glucose, and 20 N-tris(hydroxymethyl)-
methyl-2-aminoethanesulfonic acid (TES), adjusted to
pH 7.4. In some experiments, HEPES was substituted
for TES with no alteration in behavior. After washing
the neurons twice in fura-2-free solution, coverslips
were inserted into a holder and placed in a cuvette
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containing 2 ml of solution; the neurons were then
washed twice more with 2 ml of fresh medium. Mea-
surements of [Ca’"]; were performed at 37°C in a PTI
luminescence spectrofluorometer (Photon Technology
International, Monmouth Junction, NJ) equipped with
a thermostatically warmed cuvette and magnetic stirrer.
Fluorescence at 510 nm was determined for alternating
excitation wavelengths of 340 and 380 nm; ratios were
collected every 0.33 s for 1.5 min. Influx of Ca*" was
initiated by rapid addition of 100 pymol of KCI (in 33
ul) to achieve a final concentration of 55 mm. Calibra-
tion was performed by obtaining minimum and maxi-
mum fluorescence values using 10 gm ionomycin for
maximum (Ca”"-saturated) values and 5 mm EGTA for
minimum values, respectively, for each coverslip. After
calibration, [Ca*"]; was calculated according to the stan-
dard formula of Grynkiewicz et al. using a Ca’"-fura-2
dissociation constant of 224 nwm,** using PTI software
(Felix™; Photon Technology International) configured
for the analysis. The computed value of [Ca**], was
displayed and stored for subsequent analysis.

Measurement of Glutamate Release

Glutamate release was measured by a glutamate dehy-
drogenase - coupled assay. A coverslip with adherent CG
neurons was rinsed with buffer solution and then placed
in a cuvette containing 2 ml of buffer solution, which
contained 1 mm of the oxidized form of nicotinamide-
adenine dinucleotide phosphate (NADP+) and 50 U/ml
glutamate dehydrogenase (Boehringer Mannhein, India-
napolis, IN, GmbH, Germany) to catalyze from the re-
leased glutamate the formation of a-ketoglutarate and the
fluorescent species of the reduced form of NADP
(NADPH), as previously described.””** NADPH fluores-
cence was excited at 340 nm and measured at 460 nm
using the PTI spectrofluorometer. Glutamate release was
again activated by rapid addition of 100 gmol KCI for a
final [K'] of 55 mm, and the change in NADPH fluores-
cence was monitored for 5 min at a sampling rate of 1-
2 Hz.

To calibrate the fluorescent response to glutamate
release, studies were performed with the direct addition
of NADPH or glutamate during identical conditions. Ad-
dition of NADPH in the cuvette solution to obtain con-
centrations of 0.2, 0.5, and 1.0 gm resulted in abrupt
increases in the fluorescence signal of 0.92 + 0.21, 1.94
+ 0.86, and 3.1 *+ 1.31 X 10’ counts/s, respectively
(mean = SD, n = 5). When glutamate was added (as
aliquots of 0.5 mm solution) to solutions containing 50
mg/ml glutamate dehydrogenase enzyme solution, the

o

20z Iudy 0} uo 3sanb Aq 4pd°62000-00090866 | -27S0000/529059/E 79 1/9/88/4Pd-8]01e/ABO|0ISAY)SBUE/WOD JIeYDIBA|IS ZESE//:d)Y WOl papeojumoq




T 2 A

‘! BARBITURATE EFFECTS ON CA?" AND GLUTAMATE RELEASE

hsCeWs. (os) ()

A 50 mM KCl added B (0 1))
50 mM KCI added
10.0
800 l S
= ® varied external [Ca *’
B [Ca®]=1.2 mM S YELROD r?[a]
[Ca®]=1.2mM A8 I | > control external [Ca*'] = 1.2 mM
= = i b
2 600F : g
= goor 3 06f
S @ i S
= e IS
s S o4l | 5 e
T 4001 3 W/\ g 3=5/6) 600 M
A ) < 04} =
£ S [Ca®]=04mM 2 n=@:2)
E T 9.2 3
3 ©
200 = ]
= T 021 =
9.0 g +200 uM (n=3,3)
no added Ca* no added Ca*' 5
._J’ S ~10 uM (n=4,5)
0 ! . L . . L ) 8.8 A . ! f A ! | 0.0 i i i .
-10 0 10 20 30 40 50 60 -10 0 10 20 30 40 50 60 0.0 0.2 0.4 0.6 0.8 1.0
time (s) time (s) peak [C&** ] transient (fraction of sameday control)

Fig. 1. Intracellular [Ca’'] transients in and glutamate release from cultured neonatal

rat cerebellar granule (CG) neurons on a

coverslip. Influx of Ca*" and glutamate release were elicited by the abrupt increase of the external [K'] from 5 to 55 mm by the

addition of KCl to a stirred solution in the cuvette. Tracings
1.2 mm, 0.4 mm, and no added Ca*’ (free [Ca’’] was

are shown for studies performed in normal extracellular [Ca®"] of
~10 mm). (4) Intracellular [Ca®‘] concentration ([Ca*'],)) was determined in

fura-2—loaded cells using the excitation fluorescence ratio method, in which calibration of the ratio was performed by subsequent

cell permeabilization (sample rate =

3 Hz). (B) Glutamate release estimated by the fluorescence of NADPH, which is produced

from NADP+ in proportion to the amount of glutamate released in the presence of glutamate dehydrogenase (sample rate = 1
Hz). (C) Relation between the peak Ca’’ transient and glutamate release in varied external [Ca®']. Results are expressed as the
fraction of same-day control; the points and error bars represent the mean = SD. The n values for the peak [Ca®'], and glutamate,
respectively, are given in parentheses. The dotted line represents the line of unity, i.e., equal changes.

fluorescence signal increased with an exponential time
course time constant of ~60 s at 37°C. When the added
[glutamate] was 0.2, 0.5, and 1.0 um (equimolar to the
increases in [NADPH]), the respective steady-state in-
creases in fluorescence signals were 0.89 + 0.19, 1.83
*+ 0.29, and 2.89 + 0.30 X 10° counts/s, or ~95% of
the NADPH values. The close agreement of the fluores-
cence signal between the same quantity of NADPH and
glutamate suggests that the glutamate reaction produc-
ing NADPH proceeded largely to completion.

With the addition of KCI and the depolarization of
neurons grown on coverslips, there was a sudden in-
crease in the fluorescence signal, often followed by a
much smaller and slower increase, which typically stabi-
lized by 5-15 s (fig. 1B). The increase in the fluores-
cence signal was typically on the order of 0.4-1.5 X
10° counts/s, suggesting an immediate glutamate release
of 0.1-0.2 nmol. The value varied with the degree of
confluence and coverage of neurons on the coverslips.
Compared with the addition of glutamate in solution,
the stabilization of the fluorescence signal in the pres-
ence of depolarization-induced glutamate release from
neurons was more rapid. Such rapidity suggests that
there must be rapid release of a high concentration
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of glutamate, followed by the rapid arrest (=1 s) of
glutamate release and local uptake of glutamate into
neurons to cause cessation of production of NADPH in
the first few seconds. A high concentration of glutamate
(=100 pm) has been predicted in synaptic clefts,*
whereas a high-capacity system for uptake of glutamate
present in neurons could account for the rapid stabiliza-
tion of the signal.*

Analysis and Statistics

To reduce artifacts attributable to inherent noise in
the fluorescence signal, [Ca®'], was determined by aver-
aging the individual values obtained during a 10-s period
before depolarization (basal), during the 1-3 s immedi-
ately after depolarization (maximum), and during the
final 5 s of the sample (plateau). The peak [Ca’'], tran-
sient is reported as the maximum value achieved minus
the initial baseline value, although results did not differ
if instead the actual maximum [Ca*"], was used for the
calculation. NADPH fluorescence was calculated simi-
larly except that a 1- to 5-s sample after depolarization
was used and the plateau value was not determined.
For comparison among various concentrations, results
were expressed as the fraction of same-day control to
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allow for variations that occasionally occurred in cell
density and behavior during the period of culture or
among different preparations. The dose-dependent drug
effects were fit to a standard logistic equation of the
form: Drug effect (as fraction of control) = 1/(1 +
([drug]/1Cs)™), where ICs, represents the concentration
for the half-maximal inhibitory effect and n is the slope
factor. Unless otherwise indicated, results are expressed
as sample mean = sample SD. Statistical test of the drug
effect was performed using one-group, two-tailed 7 test
versus unity (or 100%). Differences between groups
were tested by analysis of variance and protected least-
significant difference test.

Results

Control Experiments

As shown by the control response in figure 1A, a
sudden increase in [K'] to 55 mMm caused an increase
in [Ca®'], from ~40 to >800 nm, which subsequently
declined to less than one-half the peak value in <15 s.
[Ca’"], typically reached final plateau levels of 160-210
nM by 60-90 s. To verify the relation between peak
[Ca*"], transient and the fluorescence attributed to glu-
tamate release, a series of experiments was performed
in which extracellular [Ca*"] ([Ca’"].) was decreased
to <1.2 mm. Omission of added external Ca*" in the
absence of added EGTA produced a solution in which
residual trace [Ca’"]. was typically 0.005-0.010 mm
(measured by ion-selective electrode). With [Ca®"]. of
0.60, 0.40, 0.20, and ~0.01 mwm, the [Ca’']; transient
was reduced to values that were 56 * 11, 37 = 6, 20
+ 3, and 8.1 £ 5.8% of the same day control, respec-
tively (n = 5, 3, 6, and 3, respectively). The plateau
of the [Ca*"]; transient showed slightly more modest
decreasesitoN 78N =133 640 = I8 3315 S and 32
19% of control, respectively. For identical decreases in
[Ca®']., glutamate release decreased to 46 + 14, 41 +
12,21 = 7, and 9.6/ % 6.0%/ (0 = 7, 7, 7, and 4, respec-
tively) of same day control. The decrease was very simi-
lar to that for the peak [Ca*']; transient. The Ca>" tran-
sient and the NADPH fluorescence attributed to gluta-
mate release are shown in figure 1 for 1.2 and 0.4 mm
Ca®" and for no added Ca*". Figure 1C shows the rela-
tion between the peak Ca’' transient and glutamate
release for the reduction in [Ca*"].. With 1 mm EGTA
and no Ca®" added to the extracellular solution, [@asaaE
was reduced to <100 nm. The [Ca’'], transient and
glutamate release activated by KCl were then com-
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pletely abolished, verifying the requirement for external
Ca’" to elicit glutamate release.

In CG neurons, the contribution to the Ca*" transient
of [Ca’"]; current through L-type, N-type, or P/Q-type
VGCC was determined, respectively, by use of 1 um
nicardipine, 100 nm w-conotoxin-GVIA (w-CgTx), or
w-Agatoxin-IVA (Aga-IVA) (Alexis Biochemical, San
Diego, CA).”°*® Neurons were exposed to nicardipine,
w-CgTx, or Aga-IVA for 20 min before experimental
measurement. The alterations in the peak of the Ca*"
and the NADPH signal attributed to glutamate release
in the presence of these specific VGCC blockers are
listed table 1. Each blocker decreased the Ca*" transient
by ~45% with less prominent and more variable effects
on glutamate release. The more modest effects of
w-CgTx on glutamate release compared with Aga-IVA
or nicardipine agree with previous reports suggesting
that N-type channels contribute modestly to glutamate
release.'®*” When combined, the nicardipine and
w-CgTx showed an effect greater than either drug alone,
but the increase was nonadditive. Such overlapping
drug sensitivity also has been previously reported.”” In
two experiments, all three agents were combined, and
the residual Ca*" transient was reduced to 16 and 21%
of control, suggesting that the bulk of the Ca*" transient
was VGCC-mediated Ca*" entry.

In theory, the KCl-induced depolarization should inac-
tivate sodium channels after an initial opening (<10
ms) so that the Ca®" transient should reflect Ca’" entry
mediated by opened VGCCs. To determine if any of the
observed effects were mediated by actions on sodium
channels, depolarization also was performed in the
presence of 10 um tetrodotoxin to block sodium chan-
nels. A small (=10%) fraction of the Ca*" transient was
depressed by the presence of tetrodotoxin, and its ac-
tion of similar magnitude inhibiting glutamate release
did not achieve significance. To verify that the observed
events were activated by depolarization, and not the
28% increase (+100 mOsm) in osmotic strength, 100
pumol of NaCl was added instead of KCI, with no effect
on the [Ca*'], transients or on glutamate release
G = ).

Additional control experiments were performed to
exclude possible effects of barbiturates on other pro-
cesses in CG neurons known to influence glutamate
release and VGCC function, such as GABA,, GABA type
B (GABAy), and N-methyl-p-aspartate (NMDA) receptor
activation.’”*' GABA, receptors (chloride ion channels)
were blocked using 100 pm bicuculline; GABA; recep-
tors were activated by 10 um baclofen; and NMDA gluta-

—ﬁ
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"0 Table 1. Alteration in Granule Cell Responses in the Presence

of Specific Ton Channel or Receptor Blockade
% of Control Peak % of Control
Channel Blocked Specific Channel Blocker n [Ca®"); Transient n Glutamate Release
| L-type VGCC 1 uM nicardipine 18 54.6 = 13.0* 6 68.6 + 14.21

| ## N-type VGCC 100 nm w-conotoxin-GVIA 15 54.9 + 14.6* 6 82.3 + 13.7§
8 P/Q-type VGCC 100 nm agatoxin IVA 4 53.9 + 8.3t 4 6301 = 15.8F
- L- and N-type VGCC 1 uM nicardipine and 100 nwm 14 89:9 - 214 4 1.0/ 275

w-conotoxin-GVIA

133 Na channel 10 uM tetrodotoxin 4 89.2 + 4.4% 3 il 9 == 57

Receptor Specific Drug (effect)

0 GABA, 100 M bicuculline (block) 3 89.4 + 12.1 3 85.2 + 25.9
 GABAg 100 pm baclofen (activation) 4 95 =40 4 93.3 + 30.4
4 NMDA 10 um AP-5 (block) 3 954 + 6.4 3 104.0 = 14.2
1 Ryanodine (Ca®' release channel 10 uM ryanodine (block) 5 95.5 =74 4 86.2 + 3.3§

of internal store) 5 mm caffeine (activation) 9 CIS077 Bl By 6 91.8 = 16.9

I The peak transient was determined as the maximum [Ca®*], minus the basal

[Ca?*]; prior to depolarization. Values are expressed as the percent of same day
'3 control, mean + SD.

I Different from 100% by one group two-tailed t test: * P 0.001, TP < 0.01, P < 0.02, § P < 0.05.

mate receptors were inhibited by D-(—)-2-amino-5-phos-

phonovaleric acid. None of these interventions had any

significant action on the depolarization-evoked Ca?*
transient or glutamate release (table 1). To determine
if Ca*" release from intracellular stores (endoplasmic
reticulum) contributed to the Ca®" transient or gluta-
mate release, intracellular Ca®* release was manipulated
by modifying the function of the ryanodine receptor
(Ca’" release channel). Neurons were incubated with
10 pm ryanodine or 5 mm caffeine for 20 min before
depolarization. During these conditions, ryanodine
caused a small decrease (14%) in glutamate release (ta-
ble 1), suggesting that internal Ca*>* release could con-
tribute modestly to glutamate release in this setting.

Effects of Barbiturates

Administration of thiopental or methohexital did not
alter the basal [Ca*'], but did markedly depress the
depolarization-induced influx of [Ca**],. In the pres-
ence of thiopental or methohexital (figs. 2A and 2B)
the peak [Ca’'], transient phase was decreased in a
concentration-dependent manner. When analyzed as
the fraction of same-day controls, the decrease in the
peak [Ca*"], transients by the varying concentrations of
barbiturate were fit by a logistic equation (fig. 2C). The
calculated IC;5, (mean + SEM) for thiopental was 34.5
* 4.5 pm, 3.7 times greater than the value for methohex-
ital of 9.6 = 2.0 um. The plateau phase of the Ca>*
transient was also depressed by the barbiturates but
typically not to the same extent as the peaki[Casi]
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Detailed studies of the effects of thiopental were per-
formed in the presence of specific calcium channel
blockade. In the presence of a near ICs, concentration
of thiopental of 30 um, the [Ca®"], transient peak was
depressed to 56 + 9% of control (n = 8). A similar
decrease to ~55% of control was observed with 1 UM
nicardipine, 100 nm w-CgTx (n = 14), or 100 mm Aga-
IVA (n = 4). Nevertheless, when 30 um thiopental was
present with 1 um nicardipine or w-CgTx, a greater
decrease in the Ca®" transient was observed than seen
with complete blockade of either the L- or N-type chan-
nels (fig. 3). These results suggest that thiopental was
depressing multiple types of calcium channels. Con-
versely, a combination of either 1 pm nicardipine or 100
nm w-CgTx with 30 um thiopental caused a significantly
greater decrease in the [Ca®"]; transient peak compared
with thiopental alone, suggesting that this near ICs,
concentration of thiopental had not completely blocked
either N- or L-type channels. When L- and N-type chan-
nels were blocked by the combination of nicardipine
and w-CgTx, the peak Ca®’ transient was decreased (40
* 12% of control) more than with either agent alone
(P < 0.01). When 30 pm thiopental was also present,
there was further marked decrease in the transient (fig.
3). This result suggests that 30 um thiopental is able to
depress Ca’" entry profoundly through the P/Q-type
and R-type (residual or blockade-resistant) VGCCs that
remain functional in the presence of nicardipine and
w-CgTx.
The inset in figure 4A shows the increase in NADPH
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Fig. 2. Effects in cultured granule (CG) neurons of thiopental and methohexital on intracellular [Ca®'] ([Ca®'],)) transients elicited
by a depolarization induced by sudden increase in [K'] from 5 to 55 mm at time zero. [Ca®']; was determined by the excitation
fluorescence ratio method in cells that had been loaded with fura-2. Transients are shown for neurons on different coverslips
from the same batch of cultured neurons on the same day. Responses are shown for control and in the presence of different
concentrations of thiopental (4) or methohexital (B). (C) Dose dependence of decrease in the peak [Ca®'] transient by either
thiopental (filled circles) or by methohexital (open circles). Each point represents a determination expressed as a fraction of
the control measurement(s) made the same day. The lines represent a least-squares fit to the standard logistic equation: Fraction
of control = 1/(1 + ([drug]/ICs,)"), with an ICs, (mean + SEM) for thiopental of 36 = 5 um and slope factor n (mean + SEM) of
0.85 + 0.15. For methohexital, the IC;, value was 9.6 = 2.0 um, with n of 0.63 + 0.15.

75

[0 No thiopental E + 30 uM thiopental

Fig. 3. The decrease in the peak Ca*’ tran-
sients elicited by depolarization with 55
mm KCl expressed as percent of same-day
control. The mean decrease (+SD) caused
by L-type calcium channel blockade with
1 um nicardipine or 100 nm N-type calcium
channel blockade with w-conotoxin-GVIA
(w-CgTx) is shown, in the absence and
presence of 30 um thiopental. The inclu-
sion of 30 um thiopental with nicardipine,
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of control
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n=4

No Ca

channel block

1 uM nicardipine
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e

100 nM CgTx
(N-type channel
blockade)

nicardipine & CgTx
(N- and L-type
channel blockade)

®-CgTx, or their combination, resulted in
further decrease in the Ca*' transient. *P
< 0.05 and **P < 0.01 for difference from
setting with no thiopental; #2 < 0.05 and
##P < 0.01 for difference from 30 um thio-
pental with no calcium channel blocker;
§P < 0.5 for difference from 1 uM nicar-
dipine or 100 nm w-CgTx alone.
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BARBITURATE EFFECTS ON Ca?*

Fig. 4. Effects of barbiturates on glutamate
release from cultured CG neurons. (4)
Dose-dependent decrease in glutamate re-
lease with thiopental, in which each point
represents a determination expressed as
a fraction of the control measurement(s)
made the same day. The line represents a
least-squares fit to the logistic equation:
Drug effect = 1/(1 + ([drugl/ICs,)™), with
an ICs, value for thiopental of 12.5 + 1.4
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glutamate release (fraction of same day control)

v and n of 0.68 + 0.07. Neurons growing %
on a coverslip were depolarized by the
sudden increase in [K'] from 5 to 55 mm ol
at time zero, resulting in the sharp in-
crease in NADPH fluorescence (see trac-
ings inset, 1-Hz sample rate). Glutamate 010

relative NADPH fluorescence

AND GLUTAMATE RELEASE
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released in the presence of glutamate de-
hydrogenase results in generation of
NADPH from NADP+ and glutamate. (B) Decrease in
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fluorescence observed with KCI depolarization, which
represents formation of NADPH from glutamate and
NADP+. Thiopental caused a dose-dependent reduction
in glutamate release in these neurons (fig. 4A), which,
by logistic analysis, was found to have an ICs, value of
12.5 = 1.4 pm. In the presence of 10 um methohexital,
glutamate release was decreased to 41 + 4% of same-
day control, significantly less than the decrease to 54
* 7% of control observed with 10 pm thiopental. To
delineate more clearly the relation between effects on
the peak [Ca®’]; transient and on glutamate release, the
average fractional decrease in glutamate release is plot-
ted versus the average decrease in the peak [Ca’'),
transient for the various barbiturate concentrations
studied (fig. 4B). Clearly, there is a parallel decrease in
the transient peak and glutamate release with either
barbiturate, similar to the action observed in decreasing
Ca®" entry by reductions in [Ca']..

Discussion

The current results have implications regarding mech-
anisms of anesthetic action and possibly the neuropro-
tection afforded by barbiturates during certain circum-
stances. Although it is clear that barbiturate activation
of GABA, receptors/chloride channels mediates their
hypnotic effect and may contribute to their anticonvul-
sant actions,' **? concentrations that produce anesthe-
sia and lack of response to pain are typically higher.*
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hed line represents the line of unity, i.e., equivalent decrease. Results are
expressed as the fraction of same-day control; the points and error bars re

present the mean + SD. The n values for the peak

Previous studies have suggested the ability of barbitu-
rates to inhibit Ca®" currents®”*** and the depolariza-
tion-induced increase in [Ca®'], at higher concentra-
tions.** Macdonald et al. have suggested that for pento-
barbital, although low concentrations can provide
sedation, the higher concentrations required for com-
plete anesthesia or coma are those that block calcium
channels in neurons."

Barbiturate-induced decrease in Ca’" currents has
been previously described in neurons****> and cardiac
myocytes® and for Ca’’ currents in Xenopus oocytes
resulting from injection of brain-derived messenger ri-
bonucleic acid.” The observed reduction in Ca** tran-
sients by barbiturates is consistent with a decrease in
the influx of Ca’* through VGCCs. Because KCl depolar-
ization was unable to increase [Ca®']; in solutions that
lacked Ca®", it is likely that KClinduced increase of
[Ca®"], resulted from the influx of Ca*" through VGCCs.
The action of barbiturates observed in this study is simi-
lar to the effect of methohexital on cultured embryonic
rat hippocampal neurons reported by Bleakman ef al.
in which 5-20 pum methohexital caused a 40-50% re-
duction in the peak of the KClinduced Ca>* transient.’®

Cultured granule neurons have become a well-estab-
lished model for the study of neuronal function. be-
cause their responses to various stimulatory paradigms
are well described and their influx of Ca’>" has been
studied by radioisotopic tracer, optical, and electro-
physiologic methods. Using a series of specific VGCC
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inhibitors, five distinct channel types (L, N, P, Q, and
R) have been identified in cultured rat CG neu-
rons.">'%*" In electrophysiologic studies of CG neurons,
Aga-IVA results in a decrease of Ca’" current by 50-
70%, blocking P-type VGCCs at lower concentrations
(=1 nm) and Q-type channels at higher concentrations
(=100 nm)." Blockade of Ca®" current using w-CgTx
has shown variable effects, causing decreases of 30-
63%; dihydropyridines show decreases ranging from
20-70%.">'*? In this study, nicardipine, w-CgTx, and
Aga-IVA all produced decreases in the peak [Ca*"]; tran-
sient to ~55% of control, compatible with the electro-
physiologic studies.'”*” When L- and N-type blockade
were combined, the effect on the [Ca®"]; transient peak
was not strictly additive in that 40% of the control peak
[Ca®"]; was still present. Such nonadditive decreases
have been previously reported in an electrophysiologic
investigation and may represent overlapping sensitivity
between the blockade by these two agents.”” Neverthe-
less, the effect of the combined agents was greater than
either agent alone, suggesting that overlap was incom-
plete. When L-, N-; and P/Q-type VGCCs are inhibited
by combined application drug and toxins, the 19% of
total Ca®" current that remains has been attributed to
the R-type channel.”” Although some discrepancy be-
tween voltage clamp studies and the current measures
of [Ca’"], would be anticipated based on the finding
that the fluorometrically measured [Ca '], may not be
a linear function of Ca*" currents, a surprisingly similar
fraction of the [Ca*"] transient (=~19%) remained when
combined L-, N-, and P/Q-type blockade was used in
this study.

To assess whether thiopental was decreasing Ca*’
influx by inhibiting specific VGCCs in these CG neu-
rons, nicardipine (1 pgm) and w-CgTx (100 nm) were
used at concentrations sufficient to provide complete
blockade of L- and N-type channels, respectively.?”*’
These studies of nicardipine or w-CgTx with 30 um thio-
pental, which caused a similar decrease of peak [Ca*'];,
permit certain qualitative conclusions. Because either
L- or N-type blockade did cause an additional decrease
in [Ca*"], when combined with 30 um thiopental, thio-
pental could not have been completely blocking either
L- or N-type VGCCs. Conversely, the finding that thio-
pental by itself decreased the peak [Ca®']; to the same
extent as nicardipine or w-CgTx current suggests it must
have been blocking more than one type of channel.
After blockade of both L- and N-type VGCCs, the tran-
sient is reduced by 60%, yet addition of 30 um thiopental
causes an additional 25% inhibition of the Ca’" tran-
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sient, suggesting that thiopental is blocking Ca*" cur-
rent through the P/Q- and R-type calcium channels,
which conduct the complement of Ca®" current in
these neurons. Consequently, the inhibition of VGCCs
by thiopental seems to be relatively nonspecific with
regard to VGCC type.

Release of neurotransmitters from neurons is medi-
ated by entry of Ca®" into nerve terminals, activating ago
complex of proteins that cause fusion of the membraneg
of the transmitter-containing synaptic vesicle with theg
cell membrane, resulting in exocytosis.*” In the currcnt§
study, the actions of the barbiturates in decreasing gluta-Z
mate release can be attributed to their depression ofg
VGCC-mediated entry of Ca’". In these CG neurons, as|
with other central synapses,” glutamate release does
not appear to be associated with any specific calciums

channel, as blockade of various VGCCs is capable of3
decreasing glutamate exocytosis from granule cells.™
Voltage-gated calcium channel blockade of N-type chan-g
nels using w-CgTx, in some instances, has been foun S
not to inhibit glutamate release'®*’; however, the briefg
preincubation periods (5 and 8 min) used in these stud-?j
ies may not have been sufficient to observe the decreasc%
in neurotransmitter release reported for other neu-
rons.””" In preliminary experiments, we found that w-
CgTx applied for 5 min provided only modest blockade g
of the [Ca®"] transient, whereas 20 min caused theg
greater blockade reported in table 1. The activation ofg
release of internal Ca®" stores by metabotropic gluta-
mate receptors does not appear to occur in these neu-
rons grown during these mildly depolarizing condi-
tions.”" Although certain components of entry of Ca>*
have been attributed to entry of Ca*" via other path-*
ways, such as NMDA receptors, block of NMDA recep-
tors also did not have a prominent effect on the depolar-
ization-evoked response in these cells in this study.

In the physiologic setting, when exocytosis is acti-
vated by action potentials, the transmitter release isg
reduced in proportion to some power function of the 8
reduction in [Ca®"], suggesting there is cooperativity in
Ca’" dependence and that two or more Ca’>* must bind
to specific sites.” """ In this study, the prolonged de-
polarization induced by KCI produced sustained rather
than intermittent entry of Ca’’, which may result in
saturation of activating Ca*" sites, resulting in the more
linear relation between the peak Ca*" and glutamate
release (fig. 1C). In addition, the finding that the mea-
sured [Ca”"]; may reflect [Ca®'] at other than intrasynap-
tic sites means that such quantitative correlations
should be interpreted cautiously. Although the VGCC
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© inactivates during this sustained depolarization, electro-
i physiologic studies of Ca*" currents in CG neurons sug-
© gest that inactivation is incomplete at 1-3 s (38% inacti-
& vation at 0.72 s),>” which was the period in which sam-
¥ pling of the peak Ca®" transient and glutamate release
» were performed. Nevertheless, barbiturate actions dur-

‘W ing physiologic conditions in which action potentials

2 activate VGCC may differ markedly from those de-

' scribed here, because of the intermittent, brief periods

—

© of VGCC activity generated by action potentials and the
- effects of barbiturates on other ion channels, which

& could alter action potential conduction and configura-
1 tion.

The ~80% decrease in the Ca®" transient by blockade

0 of drug- and toxin-sensitive VGCCs (not including R-

)
b)
. & mately one third that for decrease in
|
)

4 type VGCC) suggests the Ca®’ transient in this setting
¢ of KCI depolarization is derived largely from entry of

@2 through VGCC. Because the ICs, value for the

effects of thiopental on glutamate release was approxi-
concentration,
however, thiopental might alter other cellular pathways
contributing to glutamate release. Exocytosis also may

¢« § involve release of Ca®" from internal stores in some
! instances. Although in cultured CG neurons G protein -
' linked receptor activation of intracellular Ca*>* can be
¢ | altered by caffeine or ryanodine,* manipulation of inter-

nal Ca®’ release channels did not alter the depolariza-
tion-induced Ca®" transient in this study. The modest
action of ryanodine in modestly decreasing glutamate
release suggests, however, that thiopental actions on
internal Ca”" release could contribute to its actions. A
thiopental-induced decrease in release of [Ca®"], has
been described in myocardium for the concentrations
used in this study” and might explain the slightly
greater decrease in glutamate release compared with
the Ca®" transient. Although glutamate is the primary
excitatory transmitter in the nervous system, a previous
study using striatal synaptosomes from rat found that
thiopental also is able to depress a depolarization-in-
duced increase in dopamine.*

The low and intermediate concentrations of barbitu-
rates used represent concentrations of free (unbound)
drug that may occur clinically. A 6-mg/kg intravenous
bolus dose of thiopental results in a peak total serum
concentration of 93 pg/ml,"” whereas the average con-
centration of anesthetic agent in plasma is 12.6 pg/ml.*®
Assuming 83 -86% plasma protein binding, the resulting
free thiopental concentrations should be 7.2-60.0 UM
(1.9-16.0 pg/ml). A concentration of thiopental of 7.3 -
7.4 pg/ml (31 pm total, 5 um free drug) represents the
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concentration in plasma required for “sleep’ in 50% of
patients, and it is the concentration that induces a 50%
halothane minimum alveolar concentration reduction
in rats. A more than fourfold greater concentration of
32 pg/ml (133 pm total, 21 um free drug), however,
was required to achieve a 90% reduction in minimum
alveolar concentration.’? Regarding methohexital, a 3-
mg/kg induction dose and a 0.05-mg - kg '-min ' infu-
sion yielded concentrations in plasma of 2.8 pg/ml (10
M) in human volunteers, " which, considering the 73%
plasma protein binding, represents a free concentration
of ~2.7 um. Therefore, the lower concentrations of
thiopental (10 pum) and methohexital (3 pm) used in this
study, which represent routine clinical concentrations
of free drug, were able to produce a decrease of 30%
in the peak Ca®’ transient and a >40% reduction in
glutamate release for thiopental. The greater potency
of methohexital compared with thiopental in inhibiting
the [Ca®"], transient peak and glutamate release appears
to reflect the greater anesthetic potency of the former
compound.

The ability of thiopental and methohexital to decrease
intracellular Ca*" transients and to decrease glutamate
release provides a mechanism, through blocking excit-
atory synaptic transmission, by which they may induce
a component of the anesthetic state. Such an action may
be additive or synergistic, with the sedative/hypnotic
actions mediated by the hyperpolarizing and inhibitory
effects of GABA, receptor activation. In addition, de-
creased excitatory synaptic transmission and inhibition
of entry of Ca’" would be expected to decrease meta-
bolic neuronal activity, which might explain the de-
creased oxygen consumption associated with adminis-
tration of barbiturates.” Although these inhibitory ac-
tions on VGCC and glutamate release may contribute
to the anesthetic state, they also may play a beneficial
role in neurons subject to ischemic or hypoxic injury.
Because glutamate release activates NMDA receptors
and Ca’" entry, a barbiturate-mediated decrease in its
release, which also has been demonstrated in brain
slices,”" could be protective by preventing excitatory
and potentially neurotoxic Ca*" entry. In the presence
of depletion of adenosine triphosphate, however, gluta-
mate release from neurons may not be mediated by
synaptic processes but may instead represent failure or
reversal of processes of glutamate uptake.’” Although
inhibition of reversal of glutamate uptake has been dem-
onstrated,™ an additional important protective aspect
of barbiturates may be the blockade of entry of Ca*’
through VGCC. Accumulation of Ca®" through VGCCs,
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by itself, also is protective by decreasing the entry of
Ca”", which ultimately mediates neurotoxicity. Block-
ade of N-type VGCC by w-conotoxin MVIIA (SNX-111)
has been shown to be effective in decreasing neuronal
loss and infarct size in models of global®* or focal cere-
bral ischemia,® an effect also demonstrable for thiopen-
tal.”® It is noteworthy that the protection afforded by
SNX-111 was effective even when administered 24 h
after the insult, suggesting that entry of Ca*" via specific
VGCCs may be important in mediating later events in
the cascade that mediate neuronal death. In addition,
blockade of P-type VGCC by w-conotoxin MVIIC (SNX-
230) decreased glutamate release but did not provide
protection against the ischemic injury.”" In models ex-
amining neural protection from ischemia, doses of thio-
pental and methohexital are used that are far higher
than those used for anesthetic induction. Such doses
are likely to achieve sustained concentrations in the
intermediate range studied and thereby cause more pro-
found reductions in Ca*" entry.

Although barbiturate anesthetic agents have been
found to have effects on a variety of ion channels, the
barbiturate induction agents thiopental and methohexi-
tal at equipotent concentrations depressed VGCC-medi-
ated Ca*" entry into cultured CG neurons and the associ-
ated glutamate release. The direct depression of Ca*"’
entry may contribute to their anesthetic action and their
neuronal protective action.

The authors thank John Althaus of Pharmacia and Upjohn Pharmaceuti-
cals for demonstrating cell isolation; Martha J. Frazer for help in initial
experiments; and Marcel E. Durieux, M.D., for review of the manuscript.
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