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Phoneutria nigriventer Toxin Tx3-1 Blocks A-Type K™
Currents Controlling Ca** Oscillation Frequency in GH; Cells

C. Kushmerick, E. Kalapothakis, *P. S. L. Beirdo, *C. L. Penaforte, *V. F. Prado, *J. S. Cruz,
FC. R, Diniz, TM. N. Cordeiro, M. V. Gomez, M. A. Romano-Silva, and M. A. M. Prado

Laboratério de Neurofarmacologia, Departamento de Farmacologia, and *Departamento de Bioguimica e Imunologia.,
Instituto de Ciéncias Bioldgicas, Universidade Federal de Minas Gerais, and 1Fundagdo Ezequiel Dias,
Belo Horizente, Minas Gerais, Brasil

Abstract: GH, cells present spontaneous Ca** action
potentials and oscillations of intracsllular Ca?*, which
can be modified by altering the activity of K+ or CaZ~
channels. We took advantage of this spontaneous activ-
ity to screen for effects of a purified toxin {Tx3-1) from the
venom of Phaneutria nigrivenfer on ign channeis. We
report that Tx3-1 increases the frequency of Ca®* oscil-
lations, as do two blockers of potassium channels,
d4-aminopyridine and charybdotoxin. Whole-cell patch
clamp experiments show that Tx3-1 reversibly inhibits
the A-type K* current {,) but does not block other K*
currents (delayed-rectifying, inward-rectifying, and large-
conductance Ca®* -sensitive} or Ca2* channels (T and L
type) in these cells. In addition, we describe the sequence
of a full cDNA cione of Tx3-1, which shows that Tx3-1 has
no homoiogy to other known blockers of K* channels
and gives insights into the processing of this neurotoxin.
We conclude that Tx3-1 is a selective inhibitor of 1,
which can be used to probe the role of this channel in the
control of cellular function. Based on the effect of Tx3-1,
we suggest that |, is an important determinant of the
frequency of Ca®* oscillations in unstimulated GH, cells.
Key Words: GH, cells—Ca®* oscillations—K”* chan-
nels—Phoneutria—Tx3-1—Confocal microscopy—Patch
clamp.

J. Neurocherm. 72, 1472-1481 (1999).

Voltage-sensitive ion channels are of fundamental im-
portance for controlling the membrane potential and the
electrical activity of excitable cells. Recently, there has
been increased interest in the biochemical and pharma-
cological characterization of neurotoxins from the
venom of the spider Phoneutria nigriventer as tools to
investigate the functions of ion channels at the molecular
and cellular levels {Diniz et al., 1990; Aratdjo et al., 1993;
Romano-Silva et al., 1993; Cassola et al., 1998; Kalapo-
thakis et al., 1998a.b; Miranda et al., 1998). One of the
three toxic fractions of Phoneutria venom, PhTx3 (con-
taining peptide toxins Tx3-i through Tx3-6), has re-
ceived considerable attention in the last few years, as one
of its toxins (Tx3-3) is a potent blocker of w-agatoxin-
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IVA-sensitive Ca?" channels, most likely of the P/Q
type, in synaptosomes (Prado et al., 1996; Guatimosim et
al.,, 1997} and granular cells of the cerehellum (R. M.
Ledio and P. S. L. Beirdo, unpublished observations).
Although we are starting to understand the pharmaco-
logical action of some of the Phoneutria toxins, the
targets of most of them remain unknown. The absence of
significant sequence homology of Phoneutria toxins with
other toxins having known mechanisms of action poses a
challenge for understanding their actions based on struc-
tural comparisons (Cordeiro et al., 1992, 1993). It would
thus be helpful to develop screening methods at the
cellular level to provide clues as to how these toxins act.
The GH, cell line possesses a number of characteris-
tics that make it suitable for studying the action of toxins
against ion channels. This neuroendocrine cell line pre-
sents spontaneous Ca’® action potentials (APs) that
cause oscillations of intracellular Ca®* due to influx of
Ca’®* through L-type channels {(Kidokora, 1975; Schle-
gel et al,, 1987), Normally, these APs do not require
tetrodotoxin-sensitive Na*t channels (Kidokoro, 1975);
however, toxins that open Na* channels may change the
form of the resultant Ca** oscillations (C, Kushmerick,
unpublished observation). The excitability of GH; cells
is controlled by K* channels (Ozawa and Sand, 1986).
These cells respond to thyrotropin-releasing hormone
(TRH) by increasing the frequency of APs (Kidokoro,
1975) and associated Ca?* oscillations (for review, see
Hinkle et al., 1996}, and evidence suggests a role for an
inward-rectifying K* current (IK, ) in mediating part of
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this effect (Bauer et al., 1990; Barros et al., 1996, 1997,
Weinsberg et al, 1997). Aside from 1K,y channels,
however, these cells also express at least three voltage-
gated K* channel (Kv) isoforms (Takimoto et al., 1995)
and two types of Ca?*-activated K* channels (Ritchie,
1987}, and the role of these channels in determining
excitability is incompletely understood. Toxins that alter
the activity of Ca?™, Na‘t, or K* channels may change
the pattern of Ca®* oscillations, and this information can
guide the design of voltage clamp experiments to char-
acterize their molecular targets. Specific toxins thus char-
acterized should be useful to probe the role of distinct
channels in cell physiology and in the control of Ca®*
oscillations in this anterior pituitary-derived cell line.

MATERIALS AND METHODS

Materials

Chemicals were from Sigma (5t. Louis, MO, U.5.A.), unless
otherwise specified. PhTx-3 and Tx3-1 were purified from the
venom of P. rigriventer by gel filtration and reverse-phase
HPLC as described (Rezende et al., 1991). Fluo-3 AM (Mo-
lecular Probes) and nifedipine were dissolved in dimethyl sul-
foxide at a concentration of 1| mM and stored at —20°C.
4-Aminopyridine {4-AP) was diluted in water and stored at
=-20°C.

Cell culture

GH, cells were purchased from American Type Culture
Collection (Rockville, MD, U.5.A.). The cells were kept in
Ham’s F-10 medium supplemented with [5% horse serum,
2.5% fetal bovine serum, 50 U/ml penicillin, and 50 ugiml
streptomycin. Culture medium was changed three times per
week, and the cclls were maintained in a 5% CO, atmosphere
at 37°C. For confocal microscopy, cells were plated onto 22-
mm-diameter glass coverslips treated with poly-L-lysine (50
pg/ml, 30 min) and used 3~10 days later. For ¢lectrophysiology
experiments, cclls were plated onto sterile plastic dishes and
used 1-10 days later.

Confocal microscopy

Experiments were performed at room  temperature
(20-25°C). Cells on coverslips were incubated in Ringer's
solution (in mM: 140 NaCl, 5.4 KCl, 1.8 CaCl,, 0.5 MgCL,, 10
glucose, 5 HEPES, pH 7.4, adjusted with NaOH) containing 10
wM fino-3 AM for | h. The coverslips were washed in dye-free
Ringer’s solution and hen transferred 1o a custom holder in
which the coverslip formed the bottom of a 400-ul bath. A
gravity-fed perfusion system and a peristaltic pump drain al-
lowed solution exchange with a time constant for solution
turmover of ~10 s. Ymaging was performed with a Bio-Rad
MRC 1024 UV laser scanning confocal system running
the sofiware TimeCourse 1.0 coupled to a Zeiss microscope
(Axiovert 100y with a water immersion objective (40X, 1.2
NA). Excitalion was by the 488.nm line of ap argon laser
{Coherent), and emitted light passed through a 522/32-nm
bandpass filter. Laser power was 0.3-1%, and the detector iris
was set to 8 {i.e., maximal apen). In all of the experirmeiits, each
cell was analyzed individually and served as iis own control;
thus, there was no need to calibrate the amount of fluo-3
present, Nonetheless, in a few experiments, we used indo-1 and
UV illumination instead of fluo-3 and quantified [Ca®*], ac-
cording 1o Grynkiewicz et al. {1985}, using ionomycin with 10
mM Ca’*, 5 mM EGTA, and 5 mM Mn2" 10 measure F

naxr

F. ... and background fluorescence, respectively. Resting Ca**
in these GH, cells was ~50 nM. The amplitude of Ca**
oscillations varied from cell to cell, but most were between 200
and 400 nm at the peak of oscillation.

To measure Ca®" oscillations at high temporal resolution,
the confocal system was operated in line scan mode. An indi-
vidual cell loaded with fluo-3 was selected, and the average
fluorescent intensity along a line through its center was mea-
sured as a function of time (sampling at 167 Hz) by the
TimeCourse software,

To collect data from individual cells in a population, a field
of cells was selected and fluo-3 images recorded at -3 Hz
(usually 1.7 Hz) for the duration of the experimental protocols.
This frequency of scanning was chosen to maximize temporal
resolution without incurring significant photobleaching. At the
end of the experiment, cell perimeters were drawn, and the
average fluorescent intensily in each cell per time point was
calculated using the TimeCourse software.

Statistical analysis of Ca®* oscillations

Analysis of the frequency of oscillations was carried out in
several steps, Each cell was analyzed individually. First, posi-
fions of the oscillations in the experimental record were deter-
mined using a software peak detection algorithm written by one
of the authors (C.K.). Then, the number of oscillations that
occurred betore treatment (i.e., control) and during treatment
was counted. The mean frequency of oscillations for each cell
was calculated as the number of oscillations divided by the
period of observation. To calculate the probability that the
observed changes in oscillation frequency occurred by chance,
we constructed cumulative frequency distributions from the
data and calculated the Kolmogorov-Smirnoy statistic (Dy_g)
as the maximum difference between the curves (Press et al.,
1986). The probability (p) that the observed value of I _; was
due to chance for N cells was determined usiag the equation

p= 2 (- 1) texp[ = (jDg_s)*N]

=t

To observe the distribution of responses in the population of
cells, the frequency of oscillations before and during treatment
was measured, and the ratio was calculated for each cell indi-
vidually. A value for this ratio of >1.0 indicates an increase in
oscillation frequency. To analyze what percentage of cells
responded to a given freatment, the data were plotted as cumu-
lative frequency distributions. Each treatment was investigated
in at least three independent experiments.

Electrophysiology

An EPC-9 patch clamp amplifier and Pulse sofiware
(HEKA) were used at room temperature (20-25°C) to measure
whole-cell ion currenis (Hamill et al,, 1981). Capacitive cur-
rents were electronically compensated, and except where noted,
a P/4 protocol {Armstrong and Benzanilla, 1974) was used for
linear leak subtraction. The A-type K* current (I} was low-
pass filtered at 4 kHz and sampled at 20 kHz. The 1K, , was
low-pass filtered at 667 Hz and sampled at 2 kHz. Other
currents were low-pass filtered at 2 kHz and sampled at 10 kHz.
Pipettes were pulled from glass capillaries and had a resistance
of 1-3 M{) when filied with pipette solution.

Pipeite solution to measure Kv currents contained the fol-
lowing {in mM): 10 NaCl, 130 KCL, 53 EGTA, 5 HEPES, pH
7.4, adjusted with KOH. To measure large-conductance, CaZ*t-
sensilive K* channel (BK) currents, the pipetie solution was
the same as for Kv currents, except that intraceltular free Ca®*
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was adjusted to 12 wM by the addition of 5 mM CaCl,, as
determined by software written by one of the authors
(P.S.L.B.). Extracellular solution used to measure Kv and BK
currents contained the following (in mM): 140 NaCl, 5.4 KCl,
1.8 CaCls, 0.5 MgCl,, 10 glucose, 5 HEPES, pH 7.4, adjusted
with NaOH.

1K,  values were measured in isotonic K'. as described
(Bauer et al., 1990). Pipette solution contained the following (in
mM): 130 KCI, 2 MgCl,, 10 HEPES, 20 EGTA, pH 7.4,
adjusted with KOH. Extracellular solution contained the fol-
lowing (in mM): 130 KCl, 4 MgCl,. 5 glucose, 5 HEPES, 20
EGTA, pH 7.4, adjusted with KOH.

To measure current through Ca®' channels, K* currents
were blocked by Cs™, and Ba®* was used as the charge carrier.
Pipetie solution contained the following (in mM): 10 NaCl, 140
CsCl, 5 HEPES, 5 EGTA, 4 Mg-ATP. 0.3 Li-GTP, 20 creatine
phosphate. pH 7.3. adjusted with CsOH. Extracellular solution
contained the following (in mM); 126 NaCl, 5 KCl, 25 BaCl,,
19 glucose, 5 HEPES, pH 7.4, adjusted with NaOH.

Perfusion during electrophysiology experiments was ac-
complished using a micropipette (inner diameter 500 um)
positioned within 100 pm of the cell under study. The
solution was gravity fed at a rate of =~0.1 ml/s, and a
solenoid valve was used to choose between two solutions
with a dead time of <35 s.

Molecular biology

Standard recombinant DNA techniques were carried out as
described by Sambrook et al. (1989). Restriction endonucleases
were used according to the manufacturer’s instruction (New
England BioLabs).

Isolation of Tx3-1 cDNA

Construction of the venom gland ¢cDNA library has been
described elsewhere (Kalapothakis et al., 1998a). Approxi-
mately 1,25 » 10° independent recombinants were generated
and screened (Kalapothakis et al., 1998a). Clones containing
cDNA longer than 300 bp were selected and sequenced in
forward and reverse direction using an Automated ALF DNA
Sequencer (Pharmacia). Nucleic acid sequences were analyzed
using BLASTX (Altschul et al., 1990).

Northern blots

Preparation of total RNA was performed as described by
Chomezynski and Sacchi (1987). RNA was resolved by form-
aldehyde electrophoresis (Sambrook et al., 1989), and northern
blotting was performed essentially as described by Kalapo-
thakis et al. (19984). Filters were hybridized overnight and then
washed at high-stringency conditions (0.1 X saline sodium
citrate and 0.1% sodium dodecyl sulfate at 60°C) before expo-
sure at —80°C 10 Hyperfilm-MP {Amersham) in a cassette
containing an intensifying screen.

RESULTS

Confocal images of Ca** oscillations in individual
GH; cells

Figure 1A shows images of GH; cells loaded with the
Ca’” indicator fluo-3 undergoing spontaneous (i.e., un-
stimulated) Ca®" oscillations, The images are positioned
sequentially from left to right and top to bottom and are
separated by an interval of 1 s. Ca®" oscillations appear
as changes in the fluorescent intensity of a given cell
between frames. Figure |B shows the time course of two
Ca®" oscillations at high time resolution achieved using
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FIG. 1. A: Ca?" oscillations in GH, cells loaded with 10 uM
fluo-3 AM for 1 h and then observed by confocal fluorescent
microscopy. Images were taken at 3 Hz. Every third image is
shown, positioned sequentially from left to right and top to
bottom. B: Intraceliular Ca?* from the center of a single cell,
recorded at high temporal resolution (167 Hz) using line scan
mode.

the line scan mode of the microscope through the center
of a single cell, A Ca®>* AP in the plasma membrane
(Kidokoro, 19735) results in a rapid increase in intracel-
lular Ca*™ (10-90% rise time of 200 ms), followed by an
exponential decline to basal levels (7~ 2 s). Some time
later (6 s in the example, but the period is highly vari-
able), another Ca®” oscillation occurs and the process
repeats.

Pharmacology of Ca** oscillations

Figure 2 shows how the Ca®" oscillations respond to
various pharmacological treatments. Each trace in Fig, 2
represents intracellular calcium in an individual repre-
sentative cell. Ca’" oscillations in GH; cells are depen-
dent on Ca®>" entry through L-type Ca®" channels
(Schlegel et al., 1987). Removal of extracellular Ca®*
(Fig. 2. trace 1) or perfusion with 2 uM nifedipine (Fig.
2, trace 2) both reversibly abolished Ca®" oscillations.
During treatment with nifedipine, we stimulated the cells
with 60 mM K' (substituted isosmotically for Na™;
indicated by the arrow in Fig. 2, trace 2). The resultant
increase in fluorescence demonstrates that the dye func-
tions in the presence of nifedipine and the increase in
Ca®" may be due to incomplete block of L-type channels
by nifedipine or to the T-type channels present in these
cells (Simasko et al., 1988).
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FIG. 2. Pharmacology of Ca®* oscillations. GH, cells were
loaded with fluo-3, and average fiuorescent intensity was fol-
lowed with time. Each trace shows the response of an individual
representative cell (the number of cells tested for each treatment
is given in the text). The cells were perfused continuously with
Ringer's solution or, at the times indicated by the bars, with
Ringer’s solution moditied as follows: trace 1, Ca2*-free solution
obtained by omitting CacCl, from the Ringer's solution and in-
cluding 0.5 mM EGTA, trace 2, nifedipine (¢ M) and stimulation
for 30 s with 60 miAf KCi (substituted egquimolar for NaCl; indi-
cated by the arrow); trace 3, fraction 3 of the venom of P,
nigriventer; trace 4, 0.01 and 1 mM 4-AP; trace 5, 100 nM ChyTx;
trace 6, purified Phoneutria toxin Tx3-1 (350 nidf). Bars at the
otigin of each trace are 20 s.

The fraction of Phoreutria venom named PhTx3 con-
tains peptides that block L-type Ca®* channels (Kalapo-
thakis et al., 19984). Consistent with the idea that L-type
Ca®* channels are essential for oscillations, perfusion
with PhTx3 rapidly abolished Ca®* oscillations (Fig. 2,
trace 3). The effects of these treatments were observed in
all cells tested (n = 20 for removal of Ca®*, n = 135 for
nifedipine, n = 33 for PhTx3).

The 1, in GH; cells is inhibited by 4-AP (Rogawski,
1988: results shown below), and in these cells, 4-AP
causes an increase in AP frequency {Sand et al., 1980).
As shown in Fig. 2 (trace 4), 4-AP increased Ca®*
oscillation frequency in a dose-dependent manner and
was effective at concentrations as low as 10 uM. Charyb-
dotoxin (ChyTx), a potent inhibitor of BK, has been
reported to prolong the duration of APs and thereby
decrease their frequency {Lang and Ritchie, 1990). We
tested the effect of ChyTx on Ca®* oscillations and
observed that the toxin actually increased Ca** oscilla-
tion frequency when used at 100 M (Fig. 2, trace 3). At
10 nM, however, ChyTx did not affect Ca** oscillation
frequency (not shown). Apamin, a selective inhibitor of

small-conductance, Ca® ™ -sensitive K+ channel (SK) cur-
rent, was also tested for an effect on Ca®* oscillations. At
1 or 5 uM, we were unable to detect any effect of apamin
on oscillation frequency (not shown).

Tx3-1, a peptide of 4,500 Da purified from Phoneutria
venom, 1s toxic to mammals (Cordeiro et al., 1993), To
date, there is no information regarding its molecular
mechanism of action. We applied Tx3-1 to GH; cells,
reasoning that if it blocked Ca®* or K* channels, it
would have an effect on Ca?* oscillations similar to the
Ca®" or K channel hlockers described above. We ob-
served, as shown in Fig. 2 (trace 6), that Tx3-1 increases
oscillation frequency, indicating that it blocks a K*
channel involved in the regulation of spike frequency. In
general, the increase in oscillation frequency indoced by
4-AP, ChyTx, and Tx3-1 reversed only slowly upon
washout of the drug or toxin,

Quantification and statistical evaluation of changes
in Ca%* oscillation frequency

The frequency of Ca®™* oscillations in GH, cells varied
greatly from cell 1o cell. Figure 3 shows the statistical
treatment used to judge the significance of the effects of
4-AP, ChyTx, and Tx3-1 on oscillation frequency. In
Fig. 3 A-C, we show the cumulative frequency distribu-
tion of oscillation frequencies before and during treat-
ment (i.e., the ordinate represents the percentage of cells
with oscillation frequency less than or equal to the cor-
responding value on the abscissa). For the three treat-
ments, the Kolmogorov-Smirmov statistic (see Materials
and Methods) was determined, and the statistical signif-
icance was calculated (values of p are given in the figure
legend). Figure 3D-F shows the distribution of responses

ChyTx 4-AP Tx3-4
g
Swmia . 8 . C e
@ o
= &
o
=
€ o ¥ A
3 - — —t—r ——T7

0 510120 0 511520 0 5 101520
Oscillation frequency (per min)

D/ E F/
1 10 108 1 10 10

g

o

-_——T 1 T

110 00
Ratio {treatment / control) of oscillation frequency

cumulative freq.
14,]
o

FIG. 3. Statistical analysis of osciliation frequency. Intracellular
Ca?* was recorded in a population of cells before and during
treatment with ChyTx, 4-AP, or Tx3-1. Upper panels (A~C} show
cumulative plots of the distribution of oscillation frequency. Sta-
tistical significance {p values) was calculated using the Kolmog-
orav-Smiraov test. A: O, control; @ 100 nM ChyTx (p = 1
*® 1075} B: O, control; @, 0.01 mM 4-AP {p = 0.01); &, 1.0 mM
4-AP (p = 3.6 X 1075, C: O, control; @, 350 nM Tx3-1 (p = 2
X 1077). Lower panels (D-F) show cumulative plots of the dis-
tribution of ratios of oscillation frequencies during treatment to
control. D: @, 100 M ChyTx. E: @, 1.0 mM 4-AP. F: @, 350 nid
Tx3-1.
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100ms Time (s) FIG. 4. Inhibition of 1, by Tx3-1. Whole-cell voltage
c1 c2 clamp was used to hold the cells at —80 mV. At
intervals of 10 s, the cells were stepped to —100 mV
Control / washout Gontrol / washout for 200 ms to remove inactivation, fallowed by a
step to +30 mV for 400 ms during which currents
0.5 nA were recorded. A: ldentification ot the 4-AP-sensi-
0.5 A Tx3-1 tive inactivating A current in GH, cells. B: Time
’ Tx3-1 course of inhibition and recovery of I, by 4-AP, C:
inhibition of 1, by Tx3-1 (4.8 uM) in two celis with
— — different amounts of noninactivating current, D:
100 ms 100 Time course of inhibition and recovery of 1, by
ms Tx3-1. E: Dose—response of inhibition of 1, by Tx3-1
(®) and 4-AP (). Error bars are standard deviations.
Numbers of cells tested were as follows: 4-AP{n = 2
D E at all concentrationsy; Tx3-1, 4.8 pM (n = 3}, 1.75
uhd (n = 2), 350 nM (n = B).
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to each treatment, plonied as a cumulative frequency
distribution. The value on the abscissa is the ratio of
oscillation frequency during treatment over control; val-
ues > 1.0 indicate that the {requency of oscillations in-
creased. In each case, most of the cells responded by
inereasing their frequency of oscillations, The mean
* 95% contidence limit -fold increase in oscillation
frequency was 4.0 = 1.0 for ChyTx (n = 60), 3.5 = 0.46
for 4-AP (n = 180}, and 4.5 = 1.8 for Phoneutria Tx3-1
{n = 60).

Effects of Tx3-1 on whole-cell currents

The results presented above suggest that Tx3-1 may
angment Ca’t oscillation frequency by blocking a K*
channel. To test this hypothesis, the whole-cell voltage
clamp technigue was used to look for effects of Tx3-1 on
ion channels. To avoid artifacts due 1o “rundown” (i.c.,
spontaneous changes in currents due o dialysts of cel-
lular components) in the experiments described, the data
were analyzed only when inhibition was reversible upon
washout of drug or toxin (currents labeled “washout™}.

Voltage-dependent K* currenis were generated by
stepping cells from a helding of —80 mV t© a prepulse
potential of —100 mV for 200 ms, followed by a step (o0
+30 mV for 400 ms. The current measured during the
step to +30 mV had two components: one that activated
with a time constant (1) of =3 ms and became inacti-
vated with 7 = 30 ms (i.e., the A current) and ancther
that became inactivated little if at all during the 400-ms

1. Newrochem., Val. 72, Nu. 4, [999

pulse (i.e., a delayed rectifier). With use of this voltage
protocol, the A current we observed was often signifi-
cantly larger than the delayed-rectifying current, which
facilitated observing its inhibition by drugs and toxins,
Figure 4A and B shows the identification of I,. This
identification is based on its kinetics and its inhibition by
1 mM 4-AP. Many of the cells tested exhibited 1-2 nA of
I, using this protocol, although in some cells, the mag-
nitude of I, was less (300-600 pA). In general, cells
with less 1, had greater quantities of noninactivating
current,

Figure 4C shows the inhibition by Tx3-1 of Kv cur-
rents in two different cells: one in which the A current is
much larger than the delayed rectifier and the other in
which the delayed rectifier is an appreciable fraction of
the total current, In both cases, Tx3-1 inhibits only the A
current. Figure 4D shows the time course of the revers-
ible and repeatable inhibition of I, by Tx3-1. The dose
dependence of inhibition of 1, by 4-AP and Tx3-1 is
shown in Fig, 4E. Note that at the concentration in which
both of these inhibitors increase vscillation frequency
(350 nM Tx3-1 or 10 pM 4-AP), they significantly
inhibit 1,.

Data from the Ca®* oscillation experiments suggested
that 100 nM ChyTx. a BK inhibitor, increases the fre-
quency of Ca?* osciltations (Figs. 2 and 3), raising the
possibility that the response to Tx3-1 could be mediated
by BK. To test this, we looked for an effect of Tx3-1
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A A1

FiG. 5. Effects of Tx3-1 on other whole-cell

currents. A: Effect of Tx3-1 on ChyTx-sen- 4 nA
sitive BK currents. Free Ca®* in the pipetie

solution was raised to 12 M, and cells were

stepped from a helding potential of —80 mV

to 0 mV for 250 ms. A1: Representative

current, shawing inhibition by 50 n ChyTx. A3
A2: Time course of BK current during appli-

cation of 50 nhf ChyTx {indicated by the bar}

and after washout. A3: Representative cur- 1nA
rent in control conditions and in the pres-

ence of Tx3-1 (350 nAd). Ad: Time course of

BK current before and during applcation of A5
350 nM Tx3-1 (indicated by the bar}). n = 3
cells, AB: Representative current in control
conditions and in the presence of Tx3-1 2
ph). AB: Time course of BK current before
and during application of 2 M Tx3-1 (indi-
cated by the bar). n = 3 cells. Eror bars are
standard deviations. B: Effect of Tx3-1 on
K, g channels. Currents were measured in
isotonic K* during voltage steps (1.5 s) from
—40 10 —120 mV and are shown without
leak subtraction. B1: Representative 1K q in
control conditions, in the presence of 3 uM
Tx3-1, and after washout. B2: Time course
of IK,.q in control extracellular solution, in
the presence of Tx3-1 (indicated by the bar),
and during washout. n = 6 cells, 2 each at 1,
2, and 3 uM. Error bars are standard devi-
ations. C: Effect of Tx3-1 on L- and T-type
Ca?* channels. K* channels were blocked
with Cs~, and Ba? * was used as the charge
carrier. Cells were held at -8¢ mvy, and c C1
currents were measured during steps te 0

mV. C1: Representative Ca®* current show-
ing reversible inhibition by nifedipine. C2:
Time course of Ca2* current during inhibi-
tion by nifedipine (indicated by the bars) and
recovery. G3: Representative current in con-
trol conditions and in the presence of 350
nAf Tx3-1 (indicated by the bar). C4: Time C3
course of peak Ca2* current in control ex-

tracellular solution, in the presence of Tx3-1
{indicated by the bar), and during washout,
n = 3 cells. Error bars are standard devia-~
tions.

1nA

400 pA'

400pA|

under conditions designed to isolate BK currents. Inciu-
sion of 12 uM free Ca** in the pipette solution results in
the appearance of large ChyTx-sensitive currents at 0
mV several minutes after establishing whole-cell mode
(Fig. 5, Al and A2). In these conditions, we do not see
A currents, even when the BK currents are blocked by
ChyTx. The reason for this might be a combination of the
difference in voltage protocols used to generate these
currents versus those in Fig. 4 and rundown during the
waiting tirne after establishing whole-cell mode. It is also
possible that high intracellular Ca®™ inhibits A currents.
Under these same conditions, we tested 350 nd Tx3-1,a
concentration that, as shown above, increased the fre-
quency of Ca®* oscillations. As shown in Fig. 5A (A3
and A4), 350 nM Tx3-1 had no effect on this current (n
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= 4 cells). We also tested 2 w Tx3-1 and observed that
at this higher concentration, the toxin also does not
inhibit BK currents (Fig. 5, A5 and A6; n = 3 cells).

Inhibition of the IK, g in GH; cells increases the
frequency of APs and may be involved in the response
of GH, cells to TRH (Barros et al., 1997, Weinsberg
et al., 1997). To determine if the increase in Ca?*
oscillation frequency elicited by Tx3-1 was mediated
through effects on these channels, we measured 1K g
before, during, and after treatment with Tx3-1. Figure
5B (B1) shows one such experiment using 3.0 ud
Tx3-1. No leak subtraction was applied to these cur-
rents. Figure 5B (B2) shows the time course of 1K, g
during application of Tx3-1. In six cells tested, no
effect on 1K was seen.

J. Nearockem., Vol. 72, No. 4, 1999
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A

tatattctctttggeatagetttacaccagaaatcteccaatacettttaaca 52

ATG TGG TTT AAA ATA CAA GTG CTT GTG CTC GCT ATC ACT TTG ATT 97
M W F K I Q v L v L A I T L I 15
ACG CTT GGA ATA CAG GCT GAA CCA AAT TCA AGT CCA ARC RAC CCAR 142
T L G I Q A [E P N 8 8 P N N P 30
CTG ATT GTA GAA GAA GAT AGA GCA GAA TGC GCA GCT GIT TAT GAG 187
L I v E E D R] A E %] A A Lg b E 48
AGR TGC GGA AAA GGT TAC RAG CGT TGC TGT GAA GAA CGA CCA TGC 232
R c G K G Y X R c C E E R P C 60
ARR TGC AAT ATT GTT ATG GAC AAC TGC ACG TGC AAA AAA TTT ATA 277
E_ &8 N T W N B N _ & T & & K B 95
AGC GAG CTIG TTT GGA TTC GGA ARA tga aacaccaaatatggocaatttaaa 327

S E L F G F G K e3
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FIG. 6. Molecular analysis of Tx3-1. A: Nucleotide sequence of
DNA encoding Tx3-1. The coding region is shown in uppercase
with the 5" and 3' untranslated regions in lowercase. The seg-
ment that corresponds to the previously determined amino acid
sequence of Tx3-1 is underlined. The signal peptide (in bold) and
the propeptide (in brackets) are also indicated. B: Northern
blotting analysis. Lane 1, total RNA (20 p.g) from the whole body
of P. nigriventer minus the venom gland, used as a negative
control. Lane 2, P. nigriventer venom gland total RNA (20 ug).
The filter was hybridized with a probe for the isolated cDNA of
Tx3-1,

Finally, we were unable to detect any inhibition or
activation of Ca®" channels by Tx3-1 under patch clamp
conditions that yielded nifedipine-sensitive L-type and
inactivating T-type currents (Ba®" used as the charge
carrier; n = 4 cells; Fig. 5C).

Sequence analysis of Tx3-1 cDNA

To gain more insight into Tx3-1, we isolated a cDNA
clone from a venom gland library (Fig. 6). The cDNA
encoding Tx3-1 contained 489 bp, including a 5' un-
translated region (nucleotides 1-52), an open reading
frame of 252 bp encoding a precursor polypeptide of 83
amino acids, and a large 3' untranslated region composed
of 185 bp (Fig. 6A). The cDNA sequence obtained in this
study confirmed the reported amino acid sequence of
Tx3-1 determined by automatic peptide sequencing
{Cordeiro et al., 1993) and revealed the presence of six
extra amino acid residues (LFGFGK) at the C terminus.
The deduced signal peptide of Tx3-1 with 21 amino
acids 1s followed by an intervening propeptide region
composed of 16 amino acid residues. Northern blot anal-
ysis of venom gland total RNA using the isolated clone
as a probe shows a band of ~450-500 bp, suggesting
that we have isolated a full-length cDNA (Fig. 6B).
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DISCUSSION

Several poisonous animals use neurotoxins to paralyze
or kill their prey or predators {Olivera et al., 1990). As
some of these toxins interact selectively with ionic chan-
nels, they are potentially useful as tools to study the
physiological role of particular channels or to determine
structural features of channels that are important for their
function. Characterization of such toxins is often per-
formed using whole-cell patch clamp under conditions
designed to isolate a single channel type. Given the
diversity of channels characterized thus far and their
overlapping pharmacology, it is useful to have an idea of
how a toxin can act in order to design proper voltage
clamp experiments.

The venom of the spider P. nigriventer appears to be
a rich source of channel-blocking toxins. A number of
neurotoxic peptides have been purified from the venom
of this spider (Rezende et al., 1991; Cordeiro et al., 1992,
1993). Furthermore, sequences obtained from P. ni-
griventer venom gland cDNAs suggest the existence of
at least 30 toxic peptides (Kalapothakis et al., 1998a.b;
our unpublished observations). Although some of these
peptides have homology among each other, the Phoneu-
tria toxins are mostly unrelated to other known neuro-
toxins. This lack of homology precludes predictions of
toxin action based on amino acid sequence and makes
necessary the development of new strategies to obtain
knowledge of toxin effects.

Effects of Phoneutria toxin Tx3-1 on Ca®>*
oscillations and I,

We have used confocal fluorescent microscopy and
the Ca®* indicator fluo-3 to follow intracellular Ca®* in
individual GH, cells and investigate the cellular action of
a novel Phoneutria toxin, Tx3-1. Ca®* oscillations in
GH; cells respond to pharmacological agents that modify
ion channels in an expected way. Thus, preventing influx
of Ca®* through L-type channels by nifedipine abolished
oscillations, underscoring the importance of these chan-
nels to the process (Schlegel et al., 1987). In addition, the
fact that KCl can increase intracellular Ca®* in the pres-
ence of nifedipine suggests that other calcium channels
(presumably T type) may allow calcium influx but alone
are not capable of generating oscillations. An alternative
explanation is that nifedipine does not block completely
L-type currents, and upon KCI depolarization, some cal-
cium influx occurs. This last proposal is supported by the
experiment in Fig. 5 (C1), showing that 4 M nifedipine
does not eliminate L-type currents. Nonetheless, it is
clear that calcium oscillations depend on calcium influx
through nifedipine-sensitive channels.

Treatment with 4-AP or ChyTx increased frequency as
expected because K* channels appear to regulate excit-
ability in these cells (Ozawa and Sand, 1986). Applica-
tion of the Phoneutria venom fraction PhTx3 abolished
oscillations, presumably by the action of the L-type
channel blockers present in this fraction (Kalapothakis et
al., 1998b). In contrast to PhTx3, application of a puri-
fied peptide component of this fraction, Phoneutria toxin
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Tx3-1, increased oscillation frequency, suggesting by
this pharmacological profile that it could block K* chan-
nels.

Using whole-cell patch clamp, we show that a con-
centration of Tx3-1 effective to increase Ca®* oscillation
frequency significantly inhibits 1, but does not alter BK
currents, delayed-rectifying K* currents, 1K, g, or Ba®*
currents through L- or T-type Ca®" channels. These
experiments show that Tx3-1 inhibited 1, rapidly, revers-
ibly, and dose dependently.

GH; cells express Kv1.4 {which might generate an A
cuirent) and Kv1.5 and Kv2.1 (both delayed rectifiers)
K" channel a subunits (Takimoto et al., 1995). The
observation that in GH; cells, almost all Kv1.4 protein
co-immunoprecipitates with Kv1.53 protein (Takimoto
and Levitan, 1996) and that cardiac Kv1.4/Kv1.5 hetero-
mers form A currents when expressed in Xenopus
oocytes (Po et al., 1993) make this combination of sub-
units a possible molecular target for Phoneuiria Tx3-1.
However, further experiments using heterologously ex-
pressed Kv subunits will be necessary to test this hypoth-
esis,

The A current is blocked by 4-AP, and 4-AP increases
the frequency of APs in GH; cells (Sand et al., 1980; this
report). This K™ channel blocker, however, also inhibits
the IK,  in these cells, and 1K,z may play a role in
determining AP [requency (Bauer et al., 1990, Barros et
al., 1997; Weinsberg et al, 1997). Tx3-1 inhibits 1,
without any effect on the IK, (Figs. 4 and 5). The
observations that the only channel blocked by Tx3-1 is
the A type and that its effects on Ca®" oscillations can be
reproduced by 4-AP strongly suggest that there is a
causai relationship between inhibition of 1, and control
of excitability of these cells. Thus, the results indicate
that [, is one of the determinants of the frequency of
Ca*™ oscillations in unstimulated GH; cells. This obser-
vation agrees with the classic role of A currents in the
spacing of repetitive firing in some types of nerves (Con-
nor and Stevens, 1971; Hille, 1992). Therefore, varia-
tions in the level of 1, from cell to celi could explain
some of the variation in AP and Ca** oscillation fre-
quency universally observed in unstimulated GH, cells.
Mareover, TRH changes the level of expression of volt-
age-sensitive K* c¢hannels in GH; cells (Takimoto et al.,
1995}, which could result in long-term changes in excit-
ability. Consistent with our results, it has been reported
that short-term exposure to TRH inhibits 1, and increases
oscillation frequency (Dubinsky and Oxford, 1985). This
last result, however, has been challenged (Simasko,
1991).

The effects of ChyTx, 4-AP, and Phoneuiria Tx3-1 on
whole-cell currents reverse rapidly on washout, whereas
their effects on oscillation frequency persist after their
removal. One possible explanation is that during the
period of increased oscillation frequency, average intra-
cellular Ca”" is elevated, and Ca’* -dependent signaling
pathways thus activated could Jead to changes that per-
sist after removal of the drugs. For example, activation of
protein kinases has been shown to increase electrical

excitability in GH/B6 cells (for review, see Hinkle et al.,
1996).

Tx3-1 and 4-AP both increase Ca®* oscillation fre-
guency at concentrations that inhibit I, by only 15-20%,
indicating that the frequency of Ca®* oscillations is
strongly dependent on these channels. This trend was not
observed by inhibition of BK by ChyTx, as at a concen-
teation of 10 nM, ChyTx inhibited the Ca**-sensitive K™
current by 37 % 5% (mean * SD, n = 2), but at this
concentration, ChyTx did not increase oscillation fre-
guency (not shown). It is possible that the increase in
oscillation frequency seen with 100 nM ChyTx could be
mediated by nonspecific effects on other K* channels
{Grissmer et al., 1994). Tn addition, we did not detect any
effect of apamin (I or 5 pM) on Ca®* oscillations,
despite a report in the literature that 500 nM apamin
increases AP frequency in GH, cells by inhibiting a slow
after-hyperpolarization mediated by SK (Lang and
Ritchie, 1990). This previous report, however, shows
that the majority of cells tested did not respond to
apamin. Therefore, it is unlikely that Tx3-1 would affect
Ca®* oscillations by blocking SK because Tx3-1 af-
fected >90% of the cells studied.

An alternative interpretation, which could not be ruled
out by our data, is that Phoneurria Tx3-1 has another
target that is responsible for its effects on oscillation
frequency. If the affinity for this other target were high,
it might explain the delayed washout of the effect on
oscillation frequency. However, delayed washout of the
effect on oscillation frequency seems to be a generic
result of elevated intracellular calcium, as all three treat-
ments that increased oscillation frequency reversed only
slowly after removal of the drug or toxin. Therefore, we
favor the notion of a causal relationship between inbibi-
tion of A current and increase of oscillatory behavior for
GH, cells.

One argument against the role of A currents to control
excilability in these cells is that there might be little A
current available at their normal resting potential. The
following calculation shows that indeed very little cur-
rent is needed to have a large impact on AP frequency.
Between APs, oscillating GH; cells undergo a slow
depolarization of ~ 10 mV/s {Kidokoro, 1975; Lang and
Ritchie, 1990). These cells have a membrane capacitance
of ~10 pF. Thus, the membrane current during the
interspike period (I = C dV/dt) is on the order of 0.1 pA.
We routinely measure A currents of 500-1,500 pA using
the protocols described in Materials and Methods. There-
fore, if a small fraction of A current were available at the
resting potential, it should contribute significantly to the
membrane current, thus directly affecting the rate at
which the cell arrives at threshold.

Qur experiments validate the use of Ca®* oscillations
in GH, cells as an assay for the screening of toxins, The
technigues presented above use only the frequency of
oscillations to detect effects of toxins, a method that
allows rapid acquisition of data from many cells. As
shown in Fig. 1, by using a line scan, high temporal
resolution of an oscillation is possible, showing a rising
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phase for 200 ms, followed by a slow mechanism of
Ca®* extrusion or buffering. This opens the possibility
that changes in the form of oscillations, and not just the
frequency, could be used to detect effects of toxins.

Molecular biology of Tx3-1

Analysis of a cDNA clone encoding the precursor to
Tx3-1 showed the same overall organization found in
several toxins cloned from the P. migrivenfer venom
gland (Kalapothakis et al., 1998a,k). Conserved features
include a signal peptide, an intervening propeptide, and
the mature toxin. [n the case of Tx3-1, there are also six
amino acids at the carboxy terminus that are not present
in the mature toxin. Thus, the conversion of the precursor
into mature polypeptide requires the excision of the
signal peptide {Ala?'-Glu®?), proteolysis at Arg®’, and
removal of the last six residues at the carboxy terminus
{Fig. O).

The deduced amino acid sequence confirms that ob-
tained by direct sequencing of the peptide (Cordeiro et
al., 1993). Comparison of amino acid sequences shows
that Tx3-1 is not related to other known K* channel
blockers. The region of Tx3-1 bounded by Y-7 and C-34
fwhich contains the conserved Cys—Cys scaffold (Ohi-
vera et al., 1994)] has 42% identity with the Ca** block-
ing peptide w-agatoxin-IVB. But despite this observa-
tion, Tx3-1 does not seem 1o affect Ca>™* channels (Prado
et al., 1996; this study). Future experiments aimed at
determining the site of interaction of this new pharma-
cological agent with heterologously expressed K™ chan-
nels may provide new insights into the structure ot the
binding site in K" channels and mode of interaction of
Tx3-1.

In conclusion, by using the screening assay described
herein, we identified a new aund selective agent to block
A currents in GH, cells. The results obtained with this
toxin provide direct evidence for a coupling between I,
and Ca’* oscillation frequency and may be relevant to
understanding the control of excitablity in anterior pitu-
itary cells, from which GH, cells are derived.
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Halothane enhances exocytosis of [°’H]-acetylcholine without
increasing calcium influx in rat brain cortical slices
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1 The effect of halothane on the release of [*H]-acetylcholine (I°'H]-ACh) in rat brain cortical slices
was investigated.

2 Halothane (0.018 mM) did not significantly affect the basal and the electrical field stimulation
induced release of |'"H]-ACh. However, halothane (D.063 mM) significantly increased the basal refease
of [*H]-ACh and this effect was additive with the electrical field stimulation induced release of [*H]-
ACh.

3 The release of ['HI-ACh induced by 0.063 mM halothane was independent of the extracellular
sodium and calcium ion concentration and was decreased by tetracaine, an inhibitor of Ca?*-release
from intracellular stores or dantrolene, an inhibitor of Ca?"-release from ryanodine-sensitive stores.
4 Using 2<(4-phenylpiperidino)-cyclohexanol (vesamicol), a drug that blocks the storage of ACh in
synaptic vesicles, we investigated whether exocytosis of this neurotransmitter is involved in the eflect
of halothane, Vesamicol significantly decreased the release of ['H]-ACh evoked by halothane.

5 It is suggested that halothane may cause a Ca’” release (rom intracellular stores that increases
[FH}-ACh exocylosis in rat brain cortical slices.

Keywords: Acetylcholine; transmitter release; anaesthetics, volatile; halothane; rat brain cortical slices; ions; intracellular

Ca?" release; exocytosis

-Abbreviations: ACh, acetylcholine; EGTA. ethyleneglycol-bis-(f-aminoethyl ether) N,N,N',N'-tetraacetic acid; paraoxon,
diethyl p-nitrophenyl phosphate; vesimicol, 2-(4-phenylpiperidino)-cyclohexanol

Introduction

There have been extensive efforts to characterize the

_mechanism of action of volatile anaesthetics, but thetr
molecular and cellular actions are still a matter of debate. A
possible site of action for general anaesthetics could be the
presynaplic lerminal as indicated by results showing that
" synaptic transmission is more sensitive to the effects of general
anaesthetics than axonal conduction {Larrabee et al., 1952;
Richards, 1983; Griffiths & Norman, 1993), Thus, the

* investigation of the effecis of anaesthetics on the release of
neurotransmitters may provide information on the mechan-
isms that contribute to the general effect of these substances
during anaesthesia.

Acetylcholine {ACh) is a transmitter implicated in memory,
fearning, cognitive behaviour and it is also of importance
during sleep (Mitchell, 1963; Kanai & Szerb, 1965; Collier &
Mitchell, 1967; Griffiths & Norman, 1993; Keifer ef al., 1994;
Winkler ef af., 1995). Although there has been some reports of
the action of volatile anaesthetics on ACh release, it is not clear
how these drugs alter the release of this transmitter. Some
authors reported significant inhibition of potassium-stimulated
release of ACh in the presence of halothane (Johnson &
Hartzell, 1985; Griffiths et al., 1995) while others observed no
effect (Bazil & Minneman, 198%z,b). However, to our
knowledge all studies examined the release of ACh from the
central nervous system {CNS) using high potassium stimula-

*Author for correspondence; E-mail: gomez@mono.icb.ufmg.br

tion, and little effort has been made to follow the effects of
anaesthetics on ACh release induced by electrical stimulation.

In the course of an investigation in brain cortical slices, we
observed that halothane increased the basal release of ACh
("H)-ACh). When associated with electrical stimulation, the
release of this transmitter was additive. Therefore, the aim of
the present work was to further investigate the mechanisms
involved on halothane-induced refease of ['H]-ACh in rat brain
cortical slices.

Methods

Release of [*H]-ACh from rat brain cortical slices

Al procedures were approved by the local ethics committee.
Adult Wistar rats (200-250 g) of either sex were decapitated
and had their brains removed. Slices of cerebral cortex
(0.5 mm) were obtained using a Mcllwain Tissue Slicer
(Brinkman Instruments Inc., U.I.). The brain cortical slices
were weighed (40 mg) and then placed into the incubating
medium.

The release of ['H]-ACh inte the incubating fluid was
studied after labelling the tissue ACh with [methyl-*H)-choline
chloride (78 €i mmol~'; Amersham Searle), as previously
described by Gomez et al. (1996} and Casali et al. (1997).
Briefly, endogenous ACh stores were first depleted by
incubation at 37°C for 15 min in high-K* (50 mM) salt
medium (3.0 ml) and the slices were separated from the
incubating medium by centrifugation (5000 x g for 10 min). To
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label the endogenous pools of ACh, the slices were incubated
in salt medivm for 30 min (37°C) with 0.}l pCiml" of
{methyl-*H]-choline (free of choline carrier). The slices were
then separated from the incubating fluid by centrifugation
{5000 x g for 10 min) followed by two washes with a medium
containing 1.0 um choline.

Experimental protoco!

Stock solutions of saturated halothane were prepared prior to
each experimental session, 10 ml of incubating medium was
equilibrated with liquid anaesthetic (100 or 400 ul) at 37°C in
Teflon-capped glass vials for 30 min. Subsequently, 500 3l of
stock, anaesthetic-saturated solution was added to 1.0 mil of
the incubation medium with a glass syringe. The vial was
immediately capped and mixed. In some experiments, slices
were stimulated 5 min thereafter by electrical field stimulation
with a platinum electrode (10 Hz, 0.5 ms, 10 V) for a further
5 min. In order to investigate the eflect of halothane on the
basal release of ['HI-AChH, we also used halothane in the
absence of electrical field stimulation.

To clarify the mechanism(s) by which halothane changes
release of ['H]-ACh, the slices were previously incubated for
15 min in the absence or presence of 0.5 uMm tetrodotoxin,
2.0 mM EGTA, 100 ym Cd**, tetracaine {50 or 500 um) or
dantrolene (0.1 — 100 pn). Thereafter, the slices were incubated
for 5 min in the absence or presence of halothane (0.063 mm).
At this concentration and time the release of ['H]-ACh was
Hnear {data not shown). When the action of 2-(4-phenylpiper-
idino)-cyclohexanol (vesamicol} was examined, the drug was
added to slices 10 min before incubation with [methyl-*H]-
choline. In these conditions, a concentration of vesamicol ten
times larger than that used in the present study does not aiter
the incorporation of “H label (Ledo er al, 1993). The
incubation medium used contained (in mm): NaCl 136, KCI
2.7, CaCl, 1.8, glucose 5.5, Tris base 10, and 20 um diethyl p-
nitrophenyl phosphate (paraoxon) to prevent hydrolysis of
['H]-ACh. The final pH was adjusted to 7.4. The Ca®* free
solution was prepared by removing CaCl, and adding 2.0 mM
ethyleneglycol-bis-{f-aminoethyl ether) N,N.N", N -tetraacetic
acid (EGTA).

The saturation of the stock solution and the aqueous
concentration of halothane in the incubating medium after a
5 min incubation was confirmed by n-heptane extraction and
measurement by gas chromatography using a Hewlett Packard
Series 11-5890 gas chromatograph (Rutledge et al., 1963).

Measurement of [H]-ACh release

Aligquots (300 pl) of the samples were counted for radio-
activity by liquid scintillation spectrophotometry using &
Packard spectrophotometer. In each group ol experiments,
P’HJ-ACh and [‘H]-choline were separated from the super-
natants by the choline kinase method {Goldberg & McCam-
man. 1973; Prado ef al, 1993) and FH]-ACh represented
about 65% of the total radicactivity released. Confirming
this data, the same magnitude of ‘H efflux induced by
halothane was also obtained when paraoxan was replaced by
10 uM  hemicholinium-3 (HC-3), suggesting that accumula-
tion of ACh due to cholinesterase inhibition was not altering
the release of {ransmitter {data not shown). In addition,
there was little release of *H during halothane stimulation in
the absence of paraoxan and HC-3 (1454 5% of basal
release, mean +s.e.mean for three experiments in the absence
of paraoxan or HC-3 compared with 269+4% in the
presence of paraoxan), indicating that most ['H}-ACh

released can be hydrolized and taken back by the slices in
a HC-3 sensitive way.

Chemicals

Hulothane was a generous gift from Halocarbon (River Edge,
New Jersey, U.S.A.). Paraoxon, tetracaine, cadmium and
dantralene were obtained from Sigma Chemical Co. (St. Louis,
MO, U.S.A)). The effective (—)-enantiomer of vesamicol was a
gift of Professor $. M. Parsons (University of California at
Santa Barbara CA, U.S.A), and in this article the term
vesamicol refers to the (—)-enantiomer. The n-heptane
chromatography grade was obtained from Merck (Darmstadt,
Germany). All other chemicals and reagents were of analytical
grade and were obtained from the usual commercial sources.

Statistical analysis

Results are presented as mean 4 s.e.mean values. Difference
between means were determined by analysis of variance
{ANOVA) and multiple comparison tests.

Results

Effects of halothane on the resting and stimulated release
of ({H]-ACh

Table | shows that 0.018 mm halothane did not affect the basal
or the etectrical field induced release of [*H]-ACh (P>0.05).
However, 0.063 mM halothane increased by 2.7 times the
release of ['HI-ACh (P <0.05). This effect remained at higher
concentrations of halothane (0.117 and 0.235 mM) and the
release of ["H]-ACh was linear up to 0.063 mM halothane and
5 min of incubation (data not shown). Moreover, the release of
['H]-ACh in the presence of 0.063 mm halothane and electrical
field stimulation was additive (P <0.03).

Extraceliular Na* and Ca’* independence of halothane
induced release of {*H}-ACh

Halothane could affect the release of ['H]-ACh through an
alteration in Ca?* or Na™ influx, causing an increase in

Table 1 Effect of halothane on the release of acetylcholine
induced by electrical field stimulation in rat brain cortical
slices

[FH]-ACK (d.p.m. mg™* of tissue)

Electrical field
stfrmulation

Volatile anaesthetic Congral (10 V, 0.5 ms, 10 Hz)
None 353429 87.647.2*
Halathane (0.088 mn) 453459 89.1+6.1*
Halothane (0.063 mM) 9494 52%* 189.2 + 15.6%%
Haiothane (0.117 mMm)  105.8+4.8%* 193.24+13.2%%
Halothane (0.235 M)  104.716.2** 196.34+16.5*t

*Statistically different from the control value, P<0.05.
*+Statistically different from the value without volatife
anaesthetic, P<0.05. }Statistically different from the elec-
trical field stimulation value, P<0.05, Brain cortical slices
{40 mg) loaded with ['Hl-choline were preincubated for
5 min in salt medium in the absence (control) or in the
presence of halothane (0.018 or 0.063 mm) and then
stimulated for 5 min with electrical Reld stimulation (10 V,
0.5 ms, 10 Hz). Data are meants.e.mean values from at
teast three different experiments performed in duplicate. For
other details, see text.
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transmitter output, Table 2 shows that tetrodotoxin, a
known Na' channel blocker (Nurahashi er af., 1964), failed
to affect the release of ['H}-ACH induced by halothane,
Morecover, these data also show that the release of [*H]-ACh
evoked by halothane was not affected by 2.0 mm EGTA (no
calcium added to the medium) or 100 uM Cd’*, a
nonspecific blocker of calcium channels (Fox er al, 1987).
The Jack of effect of external calcium on the action of
halothane was also confirmed when **Ca’* uptake in rat
brain cortical synaptosomes was measured as previously
described (Miranda et al., 1998). In these experiments, the
influx of **Ca** in synaptosomes after 30 s of exposure to
0.063 mM halothane (at 35°C) was not changed (mean+
s.e.mean of three experiments performed in duplicate;
control: 27604260 d.p.m. mg~'  protein;  halothane:
2830+ 218 d.p.m. mg~ ' protein),

Table 2 Effect of tetrodotoxin, EGTA or Cd®* on the
release of acetylcholine induced by halothane in rat brain
cortical slices

[HI-ACH (d.pam.~" of tissue)

Contral Halothane {0,063 mn)
Control 378+24 95.1+5.5*
Tetrodotoxin (0.5 uM) 32.5+34 91.5+4.8%
EG;TA (2.0 mM) 388429 90.1 +6.8%
Cd*" {100 um} 39.1+38 101.7+8.1*

*Statistically different from the control value, P<0.05. Brain
cottical shces (40 mg) loaded with ['H)-choline were
preincubated for 15 min in salt medium in the absence
{control) or in the presence of tetrodotoxin (0.5 M), EGTA
(2.0 mm}) or Cd*t (100 M) and then incubated for 3 min in
the absence (control} or presence of halothane (0.063 mm).
The experiments with EGTA were performed in a calcium
ree medium. Data are mean-+ts.e.mean values from at least
three different experiments performed in duplicate. For other
details, see text.
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Figure | The effect of tetracaine on the release of ['Hl-ACh induced
by halothane from rat brain cortical slices. Brain cortical slices
{40 mg) loaded with ['H]-choline were preincubated for 15 min in salt
medium in the absence or in the presence of tetracaine (50 or
500 um). They were then incubated for 5 min in the absence or
presence of halothane (0.063 mm). Data are mean+s.e.mean (bars)
values from at least three different experimenis performed in
duplicate. For other details, see text. *Statistically different from
the control value. P<0.05 **Statistically different from the
halothane value, P<0.05.

Effect of intracellutar calcium stores blockers on the
refease of [TH]-ACh evoked by halothane

It has been demonstrated that volatile anaesthetics, including
halothane, stimulate Ca®" release or leakage from the
intraceltular stores of cardiac (Wheeler er af., 1988; Connelly
& Coronado, 1994}, skeletal (Palade, 1987; Nelson & Sweo,
1988) and vascular smooth muscle cells {Tsuchida ef al., 1993)
as well in synaptosomes (Daniell & Harris, 1988) and
hippocampal slices (Mody er al., 1991). Figure 1 illustrates
the effect of 50 and 500 uM tetracaine on ["H]-ACh release
induced by halothane. At these concentrations, it has been
demonstrated that tetracaine blocks calcium release from
intracellular stores (Ohnishi er al., 1979; Pike et al., 1989,
Gybrke ef al, 1997), and in our experiments decreased by
75.744.0 and 64.4+3.5%, respectively, the release of ['H]-
ACh evoked by halothane (P <0.05). There was also a trend
for an increase in the rate of basal [[H]-ACh release in the
presence of tetracaine but it did not reach statistical
significance.

We also investigated the effect of dantrolene (0.1~ 100 uMm),
a blocker of Ca** release from ryanodine-sensitive stores (Van
Winkle, 1976; Morgan & Bryant, 1977; Ohta ef al., 1990}, on
the release of ['H}-ACh stimulated by halothane. Dantrolene
did not affect the basal release of ['H]-ACh (data not shown)
but caused a dose dependent reduction in volatile anaesthetic
evoked ACh release (Figure 2, P<0.05). The 1C,, for
dantrolene to inhibit [*H]-ACh evoked release by halothane
was close to 4.0 um (Figure 2).

[PH ]-ACh exocytosis induced by halothane

To investicate the possibility that halothane increases the
exocytotic release of ['HJ-ACh, vesamicol, a drug that blocks
the storage of ACh in synaptic vesicles by inhibiting the
vesicular ACh transporter (Parsons ef af., 1993), was used. As

100 -
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[3H]-ACh release {% inhibition)
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40
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Figure 2 The eflect of dantrolene concentration on the release of
['H}FACh induced by halothane from rat brain cortical slices. Brain
cortical slices (40 mg) loaded with ['H}-choline were preincubated for
15 min in salt medium in the presence of dantrolene at the indicated
concentrations in abscissa. They were then incubated for 5 min in the
presence of halothane (0.063 mm). Data are mean+s.e.mean {bars)
values from at least three different experiments performed in
duplicate. For other details, see text.
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Figure 3 The effect of vesamicol on halothane-evoked [*'H]-ACh
release from rat brain cortical slices. Brain cartical slices {40 mg)
were first incubated for 10 min in the absence or presence of
vesamicol (100 nm). They were then loaded with [*H}-chaline and
after that incubated for 5min in the absence or presence of
halothane (0.063 mM). Data are shown as release of [‘H}-ACh
evoked by halothane (1otal relsase minus basal in the absence or in
the presence of vesamicol). Data are mean+se.mean (bars) values
from at least three different experiments performed in duplicate. For
other details, see text. *Statistically different from the halothane
value, P<0.05.

a consequence of vesamicol action, the vesicular release of
ACh is suppressed. Vesamicol decreases basal release of ACh
{Ricny & Collier, 1986). and in our experiments we observed a
similar eflect of 50% inhibition of basal ['H]-ACh release.
Thus the data in Figure 3 is shown as total release of ['H]-ACh
induced by halothane in the absence (filled bar) or in the
presence of vesamicol (hutched bar) minus the value of basal
release obtained in the absence or in the presence of the
vesicular blocker, respectively. Figure 3 shows that vesamicol
(100 nm) decreased (80.4+4.9%) the evoked ['H]-ACh release
induced by halothane. Greater concentrations of vesamicol (up
to 1.0 uM) did net produce larger inhibition of the release of
['H]-ACh evoked by the anaesthetic (data not shown),

Discussion

It is not completely clear how volatile anaesthetics cause
anaesthesia, but one possible consequence of their action is to
alter presynaptic activity and the release of neurotransmitters.
Indeed, halothane has been shown to inhibit choline uptake
into rat brain synaptosomes (Johnson & Hartzell, 1985
Griffiths & Norman, 1993; Griffiths er af., 1994). We have
studied here the effect of halathane on the release of ['H]-ACh
as an experimental model to determine how this volatile
anaesthetic could affect neuronal secretion. To avoid any eflect
of halothane an choline uptake, the terminals were first loaded
with radiclabelied choline in the absence of halothane and the
release of ['H}-ACh in the presence of this agent was
determined.

‘There are few studies of the effect of volatile general
anaesthetics on the release of ACh. In some of these studies,
halothane was shown to decrease potassium-evoked ACh
release from rat cortical synaptosomes (Johnson & Hartzell,
1985) and rat cortical slices (Griffiths er al., 1993). In contrast,
no effect on potassium-stimulated ACh relense was observed in
rat cerebral cortex in the presence of 1.25% halothane, 3%

enflurane or 0.2% methoxyfurane (Bazil & Minneman, 1989,
b). To our knowledge, all published studies investigated the
effect of halothane in the CNS using only KCl depolarization,
but did not investigate this effect following a more
physiological and relevant stimulation, such as electrical field
stimulation.

We observed that 0.018 mM halothane had no effect on the
basal release of ['H]-ACh (Table 1}. At this concentration, the
evoked release of ['H]-ACh by electrical field stimulation was
also not affected. In contrast, 0.063 mm halothane significantly
increased the basal release of [*H]-ACh. Interestingly, the
association of field stimulation and 0.063 mM halothane
caused additive release of ['H]-ACh which result was not scen
with 0.018 mM halothane. Both effects remained when higher
concentrations of halothane (0.117 and 0.235 mm, Table 1}
were used. In the cat sympathetic ganglion, Bosnjak et al.
(1988) showed a decreased ACh release induced by electrical
stimulation using higher concentration of halothane than those
used in our experiments (.28 and (.59 mM). Although this
apparent discrepancy could be explained by the halothane dose
used, tissue and methodological differences should also be
taken into account. Moreover, it is worth noting that, as in the
present study, Griffiths er af. {1995) reported a trend to an
increase in the release of ACh in brain cortical slices from
unstimulated samples at all concentrations of halothane tested
{0.037-1.19 mm).

The release of ACh evoked by electrical field stimulation is
Na* and Ca®* dependent and is inhibited by tetrodotoxin and
the absence of calcium {Nakashima er af., 1990; Yokoyama et
al., 1990). In our experiments, we demonstrated that EGTA,
Cd** or tetrodotoxin did not significantly affect basal or
halothane-induced ACh release. Moreover, halothane did not
increase **Ca®' influx in synaptosomes of rat brain cortical
slices. Thus, the release of ['H]-ACh in brain cortical slices
induced by halothane is independent of the presence of
extracellular Na* or Ca?" and did not involve the entry of
Ca?* by caicium channels, Altogether, these results suggest the
existence of different mechanisms for the release of ['H]-ACh
induced by halothane and electrical field stimulation from rat
brain cortical slices.

Cellutar activity is dependent on cytosolic free calcium
concentration and intracellular Ca®* stores have an important
role in this process. The effect of tetracaine on the release of
['H]-ACh evoked by halothane is consistent with the concept
of calcium release from internal stores induced by halothane in
cholinergic neurons, as previously described in synaptosomes
(Daniell & Harris, 1988), hippocampal slices (Mody et al.,
[991) and in clonal pituitary celts (GH,) (Hossain & Evers,
1994). The greater inhibition of tetracaine at 50 um compared
with 500 uM on halothane evoked ['H]-ACh release could be
explained by a dual effect of this drug on the calcium
intracellular stores. Therefore, higher concentrations of
tetracaine (above 1.0 mM} caused a gradual increase in
intracetlular store calcium load and subsequent activation of
the Ca®*-retease channels by Ca’* inside the internal stores
(Pike et al., 1989; Gydrke et al., 1997). Indeed, we observed
that tetracaine (1.0 and 2.0 mm) did not significantly affect the
['H]-ACh release evoked by halothane (data not shown).

There is evidence indicating the presence of intracellular
calcium stores in neurons that are sensitive to ryanodine
receptor ligands such as caffeine and ryanodine (Miller, 1991;
McPherson & Campbell, 1993). Indeed, our resulis showing a
significant inhibition of halothane induced release of [FH}-ACh
by dantrolene suggests the involvement of ryanodine-sensitive
stores in cholinergic neurons that are able to supply calcium
for transmitter refease.
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It has long been known that the release of neurotransmitters
requires the presence of extracellular Ca® ™. According to the
calcium hypothesis, the synaptic release of neurotransmitters
occurs through an exocytotic process triggered by Ca®” inflow
associated with presynaplic depolarization (Katz & Miledi,
1967). However, in recent years, evidence demonstrating
transmitter release in the absence of external Ca®* has been
reported (reviewed by Adam-Vizi, 1992). Despite the large
amount of contradictory data on this issue, one possibility is
that npeurotransmitter release under certain circumstances
might be entirely independent of external Ca®~, but triggered
by the efflux of Ca®" from internal stores (mitochondria,
endoplasmic reticulum, etc.). Qur resulis with EGTA, Cd*’,
tetracaine and dantrolene support this possibility. With respect
to release in Ca?*-free medium, most of the data in the
literature suggests that transmitter release under these
conditions occurs following efflux of transmitters from
cytoplasmic sources. However, our experimental data with
vesamicol, a compound known to inhibit the ACh transporter
of cholinergic vesicles, suggests that most of the release of ['H]-
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Expression of the Vesicular Acetylcholine Transporter, Proteins
Involved in Exocytosis, and Functional Calcium Signaling in
Varicosities and Soma of a Murine Septal Cell Line
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Abstract: The expression and localization of the vesicular
acetylcholine transporter in a septal cell line, SN56, were
investigated. lmmunoprecipitation and immunocblot anal-
ysis of postnuclear supernatants indicated that this cell
line expresses reasonable amounts of the transporter.
Immunoflucrescence and confocal microscopy experi-
ments showed that the vesicular transporter is present in
varicosities and also in the cell body of differentiated
cells. Varicosities have the potential to be functional sites
of transmitter release because they responded to depo-
larization with calcium influx through voltage-gated cal-
cium channels and expressed the synaptic proteins syn-
aptotagmin, SV2, synaptophysin, and a subunit of P/Q
calcium channels. In the soma of SN56 ceils, the trans-
porter immunoreactivity was similar to that for synapto-
tagmin, and it colocalized with synaptophysin, but it did
not colocalize with SV2. Labeling for SV2 appeared
prominently in a defined perinuclear structure, whereas
the two former proteins were widely distributed in the
soma, where several endocytic compartments could be
identified with the vital dye FM4-64. These data suggest
that distinct synaptic vesicle proteins exist in different
subcellular compartments, and consequently they may
follow distinct pathways in neurites before reaching sites
of transmitter storage and release in SN5S6 cells. Key
Words: Confocal microscopy—Vesicular acetylcholine
transporter—SN56 cells—Synaptic  vesicles—Calcium
imaging—~Calcium channels.

J. Neurochem. 73, 1881-1893 {1999).

Studies of protein function and localization in neurons
can be greatly facilitated by the use of cultured cells.
Primary neuronal cultures can be used successfully to
study diverse aspects of neuronal function, but they
usually present neurochemical heterogeneity, which can
be a problem for the study of a given neurotransmitter
system. Cell lines expressing defined neurochemicat phe-
notypes can help in circumventing this problem. SN56
cells have been generated by somatic fusion of mouse
septal neurons (day 21) with a neuroblastoma cell line
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(N18TG2) (see Hammond et al., 1990; Lee et al., 1990),
resulting in a hybrid cell that possesses cholinergic fea-
tures (Blusztajn et al., 1992), Recent studies have used
SN36 cells to understand factors controlling the synthe-
sis and release of acetylcholine {ACh) and vulnerability
of cholinergic cells to amyloid peptides (Blusztajn et al.,
1992; Pedersen et al., 1995, 1996; Le et al., 1997; Colom
et al., 1998). Expression of two markers of cholinergic
neurons, the enzyme choline acetyitransferase (ChAT)
and the vesicular ACh transporter (VACHT), has also
been studied at the mRNA level in these cells (Berse and
Blusztajn, 1995). SN56 cells express ChAT protein
(Blusztajn et al., 1992; Pedersen et al.,, 1995, 1996);
however, it is not known whether VACAT is expressed at
the protein level and directed to sites where synaptic
vesicles presumably are present. This is of interest be-
cause another cell line that presents several cholinergic
characteristics, NG108-15 {Hamprecht, 1977; McGee et
al., 1978; McGee, 1980), has recently been shown to
process VAChT incorrectly at the posttranslational level,
and most likely VAChHT is then mistargeted in this cell
line (Diebler et al., 1998).

The deduced VACKT seguence predicts an integral
membrane protein, with 12 transmembrane domains, cy-

Received May 26, 1999, revised manuscript received June 21, 1999;
accepted June 22, 1999,

Address comespondence and reprint tequests 10 Dr. M. A. M. Prado
at Laboratério de Neurofarmacologia, Departamenio de Farmacologia,
Instituto de Ciéncias Bioldgicas, Universidade Federal de Minas
Gerais, Avenida Antonio Carlos, 6627, Belo Horizonte, Minas Gerais,
Brasil 31270-901.

The present address of Dr, S. I Meireles is Ludwig Institute for
Cancer Research, Rua Prof. Antonio Prudente 109, Sdo Paulo, SP.
Brasil 01509-010.

Abbreviartions used: ACh, acetylcholine; w-Aga IVA, w-agatoxin
IVA; AM, acetoxymethyl ester; ChAT, choline acetyltransferase;
FITC, fluorescein isothiocyanate; MBP, maltose-binding protein;
PAGE, polyacrylamide gel electrophoresis; SDS. sodium dodecy] sul-
fate; Syp, synaptophysin; Syt, synaptotagmin; TGN, trans-Golgi aiet-
work; VACHT, vesicular acetylcholine transporter,



1882 J. BARBOSA JR. ET AL

toplasmic N- and C-terminal regions, a large intravesicu-
lar loop with potential glycosylation sites, and a C-
terminal consensus phosphorylation site for protein ki-
nase C (Bejanin et al, 1994; Erickson et al, 1994,
Roghani et al., 1994; Varoqui et al., 1994). Overexpres-
sion of VACHT has shown that the protein is targeted to
endosomes in nonneuronal and to synaptic-like vesicles
in neuronal models (Erickson et al., 1994; Liu and Ed-
wards, 1997; Song et al., 1997; Tan et al., 1998). Re-
cently, Varoqui and Erickson (1998) have demonstrated
that in PC12 cells overexpressing VAChHT, the cytoplas-
mic tail of the protein appears necessary for proper
targeting to synaptic-like vesicles.

The present work investigated whether SN56 cells can
express and target VACT to sites where other synaptic
vesicle proteins that participate in neurotransmitter re-
Jease are present. Our results suggest that VACHT in
SN356 cells is located in varicosities of neuritic processes,
although immunoreactivity is also detected in large
amouats in the soma, where endocytic organelles were
readily identified with the styryl dye FM4-64. It is inter-
esting that SV2, a putative transporter present in synaptic
vesicles, was not present in the same somatic compart-
ment as VAChT and other synaptic vesicle proteins. We
also show that varicosities of SN56 cells respond to
stimuli and present several components involved in syn-
aptic vesicle exocytosis, such as neuronal calcium chan-
nels and synaptic vesicle proteins. Together these results
indicate that several distinct aspects of cholinergic cell
biclogy can be investigated in SN56 cells.

MATERIALS AND METHODS

Materials

Antiserum against VAChT has been previously character-
ized (Weihe et al, 1996) and was purchased from Phoenix
Pharmaceuticals (Mountain View, CA. U.5.A.). SV2 monoclo-
nal antibodies (Buckley and Kelly, 1985) were a kind gift of
Dr. Sandra Bajjalich {Department of Pharmacology, University
of Washington, Seattle, WA, U.S.A)). The monoclonal anti-
body against synaptophysin (Syp) and the secondary antibodies
coupled to fluorescein isothiocyanate (FITC) were from Sigma
Chemical Co. (S¢. Louis, MO, U8, A.). Antisera against syn-
aptotagmin (Syt) and the calcium channel alA subunit were
from Alomone Labs (Jerusalem, Israel). Secondary antibodies
coupled to Alexa568 and fAuo-3 acetoxymethyl ester (AM)
were from Molecular Probes (Eugene, OR, U.S.A.). Fetal bo-
vine serum was from GIBCO Life Technologies. AH other
reagents, unless otherwise stated, were from Sigma,

Mouse VAChT amplification by PCR

We used the relationship between rat and human YACHT to
design primers to amplify the mouse VAChT gene. Primers
used were as follows: 699F, 5 -TTCTGAGCTCGGG-
GATATGA-3'; 859F, 5'-ATGGAACCCACCGCGCCAAC-
3, 1282F, 5'-AGCGGGCCTTTCATTGATCG-3; 2094R,
5'-GCGCACGTCCACCAGAAAGG-3'; 2427R, 5'-GTCGT-
CCTCGCACCCGTCAA-3'; 2104F, 5-GTTCGAATICT-
CAGTCTATGGCAGTGTCTA-3; 2266F, 5'-TCTTGAATTC-
CGTAATGTGGGCCTCCTTAC-2; and 2544R, 5'-AAG-
GCTGCAGGGTATICATTAGAGGAGGT-3. Numbering of
primers indicates the 5’ end of forward (F) and reverse (R)
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primers according to the cloned rat VAChT sequence [Gen-
Bank accession no, U09211 (Erickson et al., 1994})], Restriction
sites (EcoRI or Pstl, marked in italics in the above sequences)
were introduced into some of the primers to facilitate success-
ful cloning and correct erientation. DNA extracted from mouse
BALB/c testis was used as template for PCR procedures. Am-
plified DNA segments were purified and cloned into pUC18.
Recombinants were sequenced by the dideoxynucleotide chain-
termination method using the Thermo Sequenase kit (Amer-
sham).

C-terminal pMAL plasmid construction and
expression

A fusion protein containing the C terminus (amino acids
470-530) of the mouse VAChT was produced with the pMAL
bacterial expression system {New England BioLabs). The DNA
encoding the carboxyl terminus was amplified by PCR using
primers 2266F and 2544R, purified, and subcloned between the
EcoRl and Pstl sites of pMAL-c2 vector. Clones were se-
quenced by the dideoxynucieotide chain-termination method to
confirm the reading frame.

The encoded fusion protein contains a 42.7-kDa maltose-
binding protein (MBP) fused at the carboxyl end with the
mouse VAChT C terminus (~6 kDa). The fusion protein was
expressed in Escherichia coli (BL21 strain) cells transformed
with pMAL plasmids according to the manufacturer’s instruc-
tions. The induced bacteria were lysed by incubation with
lysozyme and repeated freezing and thawing. The soluble fu-
sion protein was affinity-puritied from the bacterial lysates
using amylose resin and eluted with 10 mM maltose. Purified
fusion protein preparations were verified by sodium dodecyl
sulfate (SDS)—polyacrylamide gel electrophoresis (PAGE)
analysis, silver staining, and immunoblots using antiserum
against the C-terminal region of VAChT.

Cell culture

SN56 cells were a generous gift of Prof. Bruce Wainer
(Department of Pathology, Emory University School of Med-
icine, Atlanta, GA, US.A) The cells were maintained in
Dulbecco’s modified Eagle's medium (Sigma), 10% fetal bo-
vine serum (GIBCO Life Technologies), 2 mM 1-glutamine,
and 1% penicillin/streptomycin in 30-nil culture bottles ina 5%
CO, atmosphere at 37°C. Cells were differentiated in the same
mediumn above but lacking fetal bovine serum and supple-
mented with 1 mM dibutyryl-cyclic AMP for at least 3 days.
Medium was changed every 2 days, except during differentia-
tion, when it was changed every 24 h. For confocal analysis,
cells were grown directly on coverslips and were exposed to the
same differentiation protocol as described above, Passages up
to 15 were used in the experiments.

Calcium measurements

Experiments were performed at room temperature
(20-25°C). Cells on coverslips were incubated in HEPES-
buffered salt solution [124 mM NaCl, 4 mM KCI, 2 mM CaCl,,
1.2 mM MgCl,. 10 mM glucose, and 25 mM HEPES (pH 7.4,
adjusted with NaOH)] contzining 10 uM fluo-3 AM for 1 h.
The coverslips were washed in dye-free HEPES-buffered salt
solution and then transferred to a custom holder in which the
coverslip formed the bottom of a 400-gl bath that was perfused
continuously. Imaging was performed with a Bio-Rad MRC
1024 laser scanning confocal system running the software
Timecourse 1.0 coupled 1o a Zeiss microscope (Axiovert 100)
with a water immersion objective (40X, 1.2 NA) as described
(Kushmerick et 2l., 1999). In all the experiments, each ceil or
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varicosity was analyzed individually and used as its own con-
trol; thus, there was no need to calibrate the amount of fluo-3
present into the cells (see Kushmerick et al., 1999). However,
preliminary experiments using indo-1 and UV illumination
indicated that basal calcium in the cells we studicd wus around
50 nM and was raised to 200-300 nM on depolarization
(A.R.M. et al., unpublished data).

Western analysis and immunoprecipitation

For preparation of a postnuclear supernatant, cells were
collected in phosphate-buffered saline (pH 7.4) containing 5
mM EGTA and 200 pl of a protease inhibitor mixture (com-
plete protease inhibitor tablets, Bochringer Mannheim; twice
the concentration suggested by the manufacturer) and centri-
fuged (800 g for 10 min). Cell pelleis were resuspended in
phosphate-buffered saline supplemented as above and homog-
enized, and cell debris were pelleted by centrifugation (800 g
for 1} min at 4°C). In some experiments, mouse spinal cord
was used as a positive control. The tissue was then dissected,
homogenized in 0.32 M sucrose (pH 7.4), and centrifuged at
1,000 g for 10 min at 4°C. The supernatant was collected and
centrifuged at 39,000 g for 15 min (4°C), and then the pellet
was resuspended in phosphate-buffered saline containing the
-above concentration of proteuase inhibitor mixture. Aliquots of
the cell extracts were frozen at —80°C until use. Proteins were
resolved on 8% SDS-PAGE. After electrophoresis, proteins
were transferred overnight to a nitroceltulose membrane as
described (Towbin et al., 1979; Barbosa et al., 1997). For
immunoblots, nitrocellulose membranes were blocked with
phosphate-buffered saline containing 0.3% Tween and 5% non-
fat milk, incubated with commercial antiserum against VAChT
(1:1,000-1:5,000), washed, and then incubated with a second-
ary goat anti-rat antibody conjugated with peroxidase
(1:10,000). Staining was revealed by enhanced chemilumines-
cence (ECL from Amersham Life Science).

For immunoprecipitation, cells were treated with RIPA
buffer [final concentrations: 150 mM NaCl, 50 mdf Tris, 5 mM
EDTA, 10 mM NaF, 10 mM Na,P,0,, 1% Nonidet P-40, 0.5%
deoxycholate, 0.1% SDS, 0.1 mM phenylmethylsuifony! fluo-
ride, 10 pg/ml leupeptin, and 5 pg/mi aprotinin (pH 7.4 with
" HCI)], and all the manipulations were carried out at 4°C.
Immunoprecipitation was performed using slight modifications
of the method described by Ferguson et al. (1995) as detailed
by Barbasa et al. (19973, After immunoprecipitation, the pro-
teins were transferred to nitrocellulose, and immunostaining
was performed as above, In some of the experiments, the
VAChT antiserum was previously adsorbed with the MBP-
VACHT fusion protein (50 uM; mock immunoprecipitation).
Control experiments in which the antiserum was adsorbed only
with MBP indicated that the treated antiserum was able to
immunoprecipitate VAChT and that adsorption occurred only
in the presence of the C-terminal region of VACHT present in
the fusion protein (data not shown).

Immunofluorescence and confocal microscopy

Cells were washed twice in 0.1 M phosphate buffer (pH 7.4)
and then fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer for 20 min. Fixed cells were washed with phosphate
buffer and 0.1 M Tris-buffered saline (pH 7.4} and incubated
with primary antibodies (1:200-1.2,000 for VAChT, 1:300-1:
1,500 for SV2, 1:200 for alA, 1:100 for Syt, and 1:100 for
Syp) for 16 h at 4°C in Tris-buffered saline containing 1%
normal goat serum and 0.1% Triton X-100. Cells were then
washed, rinsed three times (10 min) with Tris-buffered saline,
and incubated for 40 min with goat anti-rabbit or anti-mouse

antibodies conjugated 10 FITC or Alexa568 (in some experi-
ments tetramethylrhodamine isothiocyanate was also used with
similar results), depending on the primary antibody used. Cells
were then washed three times with Tris-buftered saline and
mwounted on microscope slides with Hydromount. Controls to
test for specific labeling consisted of omission of the primary
antibody or, in the case of anti-VAChHT, anti-Syt, and anti-
calcium channels alA subunit, incubating the antisera with
excess amount of the peptide (10 pg) or recombinant protein
(50 pM). All the above manipulations impaired specific label-
ing (data not shown). In addition, control experiments, per-
formed in parallel where one of the secondary antibodies was
omitted to assess bleedthrough between the two channels used
to image the fluorophores, indicated that very little contamina-
tion occurred between channels with the confocal settings used.

Imaging was performed with a Bic-Rad confocal system
described above running the software Lasersharp (version 3.1,
Bio-Rad) with a water immersion 40X, 1.2 NA or an oil
immersion 63X, 1.4 NA objective. A waler-cooled argon UV
laser (488 nm) or a krypton/fargon laser was used to excite the
preparation (through its 488 nm line or 568 nm line), and light
emitted was selected with band pass filters (522/35 for FITC,
598/40 for Alexa568).

Z series or single optical sections were obtained with vari-
able pinhole settings (between 1.8 and 5 mm). Image analysis
and processing were performed with the Lasersharp sofiware,
Adobe Photoshop, and Metamorph (Universal Imaging).

FM4-64 tabeling

Cells were incubated with 1.5 pM FMd4-64 for 16 h as
described previously (Maletic-Savatic and Malinow, 1998),
and then cells were washed in HEPES-buffered salt solution
three times before imaging with the confocal microscope. Ex-
citation was with the 568 laser line, and emitted light was
selected with a filter (680/32).

RESULTS

Varicosities of SN56 cells respond to depolarization

Previous characterization of SN56 cells indicates that
they can synthesize and release ACh, and these features
appear to improve on differentiation (Blusztajn et al.,
1992). Before differentiation the hybrid cells are mainky
round and extend few newritic processes (see Hammond
et al., 1990). However, after differentiation in medium
containing dibutyryl-cyclic AMP, most of the SN cells
develop a neuronal shape and extend processes that ap-
pear to make cell-cell conlacts several microns away
(Fig. 1A).

One property of neuronal cells is that they respond to
depolarization with increases in intracellular calcium
through specific neuronal voltage-gated calcium chan-
nels. To test whether this would occur to SN56 cells after
differentiation, they were labeled with the calcium indi-
cator fluo-3 AM, and changes in intracellular calcium
were followed. Figure 1B shows two images of cells
before and after depolarization with 60 mM KCl. The
cells respond to depolarization by increasing intracellular
calcium both in the soma and in the varicosities (Fig. 1B,
arrows, and C). The increase in intraceltular calcium was
reversible and of similar magnitude when evoked in two
sequential periods of depolarization (Fig. 1C1-3). This
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FIG. 1. SN56 cells respond to depolariza-
tion. A: Differential interference contrast
image of typical SN56 cells differentiated
with dibutyryl-cyclic AMP for 3 days. Note
the abundance of varicosities in neuritic
processes and the overall shape of the
cells. Bar = 20 um. B: Confocal fluores-
cence pseudocolored images of differen-
tiated SN56 cells from another culture la-
beled with fluo-3 before (1) and after (2) 60
mM KCI depolarization. Arrows indicate
some of the varicosities that responded to
depolarization. Images are representative
of three experiments. Bar = 20 um. C:
Quantification of fluo-3 fluorescence (A.U.
= arbitrary units) for nine cells in which the
culture was depolarized in the absence of
calcium (C1) and after a period of rest the
cells were challenged twice with 60 mM
KCI (C2 and C3) in the presence of cal-
cium. C4 and C5: Results of another ex-
periment where the cells were first depo-
larized with KCI and then challenged
again (60 mM KCI) in the presence of
w-Aga IVA (200 nM). Regions of interest
were drawn around cells or varicosities,
and the fluorescence intensity (256 gray
levels) was obtained with Timecourse
software during acquisition of fluores-
cence images. Data are mean = SEM
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appeared to depend on entry of calcium via calcium
channels, as in the absence of extracellular calcium the
SNS56 cells did not respond to depolarization (Fig. 1C1).
The increase in calcium influx was diminished by w-aga-
toxin IVA (w-Aga IVA), a toxin that blocks neuronal
P/Q calcium channels, in the soma and varicosities (Fig.
1C4 and 5), suggesting that these channels may be
present in differentiated SN56 cells. Indeed, an anti-
peptide antibody selective against the alA subunit,
which codes for P/Q channels, stained SN56 cells (Fig.
2). Immunoreactivity in fixed cells was found in the cell
body and also in growth cones or varicosities (see Fig. 2
for an example).

VYAChAT expression in SN56 cells
Because SN cells are derived from the mouse, we
determined how related the deduced mouse protein is to
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rat and human VAChHT. The mouse VAChT DNA was
amplified by PCR, cloned, and sequenced. The deduced
amino acid sequence showed an overall homology to the
rat and human sequences of 99.5 and 94.5%, respectively
(data not shown). Moreover, sequence analysis sug-
gested that the antiserum developed by Eiden and col-
leagues (Weihe et al., 1996) against the last 11 amino
acids of the rat VAChT should recognize mouse VAChT
(data not shown). This was confirmed by expressing the
C-terminal region of mouse VAChT as an MBP fusion
protein and performing immunoblot analysis of recom-
binant VAChT (Fig. 3A). The fusion protein was incu-
bated with factor Xa protease as described by the man-
ufacturer, and the resulting digestion product was re-
solved by SDS-PAGE, transferred to nitrocellulose, and
probed with different antibodies. The VAChT antiserum
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FIG. 2. SN56 cells express a1A subunits of P/Q calcium chan-
nels. Confocal image of an SN56 cell stained with an antibody
specific for the «1A subunit and an FITC-labeled secondary
antibody. The image shows a typical cell that presents heavy
labeling in the cell body (arrowhead). In addition, the tip of the
neurite presents localized immunoreactivity for a1A (arrow). Bar

= 20 pm.

recognizes MBP-VACAT fusion protein and the C-ter-
minal region of VAChT after digestion of the fusion
protein by factor Xa protease, which cleaves a region
between MBP and the VACHT peptide (Fig. 3A, lane 3;
the 49-kDa band represents the remaining MBP-
VAChT, suggesting that digestion was not complete, and
the 6-kDa band is the C-terminal fragment cleaved from
the fusion protein). This immune reaction could be pre-
vented by previously adsorbing the VACHT antiserum
with an excess of the recombinant protein (Fig. 3A, lane
2). In addition, a control antibody against MBP does not
recognize the C-terminal region (6 kDa), although it
recognizes MBP (Fig. 3A, lane 1; note the difference in
molecular weight compared with MBP-VACHT in lane
3). Finally, omission of the primary antibody indicates
that there is no reaction against the expressed proteins,
showing that staining was specific (Fig. 3A, lane 4).

To test whether SN56 cells expressed VAChT, we
used the above antiserum to immunoprecipitate the pro-
tein from cell extracts. Figure 3B illustrates the results of
the immunoprecipitation and subsequent immunoblot
analysis of VAChT from differentiated SN56 cells. The
antiserum precipitates one major band of somewhat vari-
able molecular size (80110 kDa, lower and upper limits
for five experiments) that was subsequently recognized
in immunoblots (Fig. 3B, lane 1). Mock immunoprecipi-
tation, performed with the antiserum adsorbed with an
excess of recombinant VACHKT, indicates that this band
represents the transporter from SN56 cells (Fig. 3B,
lanes 1 and 2).

Immunoblot analysis of postnuclear supernatants of
differentiated SN56 cells shows that VAChT can be
detected as a major band of ~80 kDa that is abundantly
expressed by the cells (Fig. 3C and D), but other molec-
ular size forms may also be present in smaller amounts
(Fig. 3D). The major immunolabeled protein electropho-
resed in SDS gels with the same apparent molecular size

as the major immunolabeled protein in mouse spinal cord
extracts (Fig. 3D).

Localization of VAChT and proteins involved in
synaptic transmission

To investigate the localization of VAChT immunore-
activity in SN56 cells, we used indirect immunofiuores-
cence and confocal microscopy. Figure 4A shows cells
presenting neurites stained by the VAChT antiserum.
Neuritic processes present localized immunoreactivity
for VAChKT, and this seemed to be contained mostly in
dilations of neurite branches (Fig. 4A and B, arrows).
VAChT immunoreactivity was also present at the cell
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FIG. 3. Expression of VAChT by SN56 cells. A: Immunablot
analysis of bacterial-expressed C-terminal region of mouse
VACHhT. MBP-VAChHT fusion protein was cleaved with factor Xa
protease as described by the manufacturer, and proteins were
separated by SDS-PAGE. Proteins were transferred to nitrocel-
lulose and incubated with an MBP antiserum (lane 1), a rat
VACHT antibody previously adsorbed with MBP-VACAT (lane 2),
the VAChT antibody (lane 3), and omission of the primary anti-
body (lane 4). Staining was revealed by ECL (Amersham), and
the 6-kDa fragment corresponds to the C-terminal VAChT pep-
tide, the 49-kDa band represents the nondigested form of MBP-
VAChHT and the 43-kDa band of lane 1 represents MBP (calcu-
lated molecular size by the deduced sequence is 42.5 kDa) after
digestion. B: Differentiated SN56 cell extracts were used to
immunoprecipitate VAChT using the VAChT antibody. After im-
munoprecipitation, the proteins were resolved by SDS-PAGE,
transferred to nitrocellulose membrane, and immunostained as
described in the text. One major band was detected (lane 1).
Lane 2 shows a similar experiment but one in which the VAChT
antibody was first adsorbed with the recombinant VAChT pep-
{ide {mock immunoprecipitation). C: Postnuclear supermnatants of
SN56 cells were separated by SDS-PAGE, and immunoblot
analysis was performed. The bands represent immunoreactivity
against VACKT detected in 5, 10, or 40 ug of protein extract
loaded in the gel. D: Postnuclear supernatant proteins of SN56
cells and mouse spinal cord were separated by SDS-PAGE and
immunostained with the VAChT antibody. Two major bands of
~B0 kDa were detected in both extracts, although other molec-
ular size forms of VAChT were also detected in both samples
after overexposure of the membranes. The blots were represen-
tative of at least six (SN56) and two (spinal cord) different ex-
periments.
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FIG. 4. Localization of VAChT immunoreactivity in SN56 cells. A: Confocal image of a field of SN56 cells containing neuritic process that
were labeled with VAChT antiserum and FITC-labeled secondary goat anti-rat antibody. Arrows indicate varicosities. Bar = 20 um. B:
Corresponding bright-field image of cells in A. C1-4: Confocal Z series of a cell stained for VAChT. Regions of variable fluorescence can
be distinguished in the pseudocolored image of the soma, Arrow in slice 3 shows a varicosity from a neuritic process of the same cell.

Each optical section is 1.8 um apart. Bar = 20 um.

body (Fig. 4A and C), but it was not homogeneous, and
regions of stronger fluorescence could be readily identi-
fied in the pseudocolor image. Note in Fig. 4C, section [,
that fluorescence was absent from the nucleus and that
moving the plane of focus further (sections 2—4; every
section is 1.8 wm apart) reveals also immunolabeling of
a varicosity (arrow). Overall, most cells were labeled
with VAChT antibody, and that was totally prevented by
adsorption of the antiserum or omission of the primary
antiserum (data not shown), These results suggest that
VAChHT expressed by SN56 cells reaches varicosities;
however, most of the protein in the conditions we studied
is present in the cell body, possibly in endosomes, as
described before for PCI2 cells overexpressing VAChT
(Liu and Edwards, 1997).

To test whether this location pattern is common to
other synaptic vesicle proteins in SN56 cells, a mono-
clonal antibody against the synaptic vesicle protein SV2
{Buckley and Kelly, 1985), an anti-peptide antibody
against Syt [residues 1-19 (Mundigl et al., 1993)], and a
monoclonal antibody against Syp were used. Labeling
with the monoclonal antibody against SV2 identified
most of the varicosities in SN36 cultures, and the immu-
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noreactivity was totally prevented by omission of the
primary antibody (data not shown). Indeed, the neurite—
cell contacts were much more readily identified with the
SV2 antibody than with the other antibodies used in this
study. The experiment of Fig. 5A shows a cell immuno-
reactive for SV2 that contains few growth cones and
varicosities. Naote that the varicosities in the processes
show intense immunolabeling with the SV2 antibody.
The pattern of labeling in the soma was distinct from that
seen for VAChT (compare Fig. 5A and B). The SV2
antibody (red) usually labeled a localized region that was
close to the nucleus, whereas VAChT (green) labeled the
cell body less discretely as shown before (Figs. 4 and 5).
Superimposition of VAChT and SV2 immunoreactivities
shows on Fig. 5A that SV2 antibodies label varicosities
strongly, whereas in this example VAChT labeling was
not very strong in the varicosities (arrow) compared with
the staining in the soma. The series of optical sections of
Fig. 5B for another cell gives some insight in the sub-
cellular distribution of immunoreactivities. The data in-
dicate that SV2 (red) is surrounded by VAChT (green),
as if the former was present mainly in one well-defined
compartment toward the middie of the cell.
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FIG. 5. Localization of VAChT and SV2 in SN56 cells. A: Red panel shows an optical section of SNE8 cells stained with a monacional
antibody against SV2 and visualized with secondary goat anti-mouse antibody labeled with Alexa568. Note the discrete immunolocal-
ization of SV2 in the soma and the strong labeling of varicosities and growth cones in the bottom of the image. Green panel shows the
same optical section stained with the rabbit anti-VAChT antibody and a secondary FITC-labeled goat anti-rabbit antibody. Note that with
the setting used to obtain this image, VAChT immunolabeling of the varicosities is weak compared with that of SV2 (arrow). The two
optical sections were obtained simuitaneously with the 488 and 568 line of the argon/krypton laser and the proper set of filters. The
bottom images show the overlay for SV2 and VAChT immunolabeling and the corresponding bright-field image. Bar = 20 um. B1-8:
Series of optical sections show the combined immunolocalization of VAChT and SV2. A simultaneous Z series of a VAChT- and
SV2-immunolabeled cell was acquired with an interval of 0.6 um. Note that VAChT immunoreactivity appears to be closer to the cell
periphery than SV2 and that the latter is found in a region proximal to the nucleus. Bar = 10 um.

In contrast to SV2 labeling, immunostaining with an
antibody against Syt appears similar to that observed for
VACHKT (Fig. 6A). The soma is immunopositive for Syt,
with variable levels of fluorescence, and varicosities
(arrows) are also positive. Syt immunostaining was
blocked by previous adsorption of the antibody with
excess of Syt peptide (10 pg; data not shown). It is
interesting that double labeling experiments using anti-
bodies against Syt (Fig. 6C, green) and SV2 (Fig. 6C,
red) showed that these proteins seem to be differentially
distributed in the soma, similar to what was observed for
VAChKT and SV2 labeling (Fig. 6C).

We have also investigated where another synaptic
vesicle protein, Syp, is localized in SN56 cells. Syp has
been shown to be present in endosomes in cultured
neurons (Cameron et al., 1991). Indeed, in SN56 cells
Syp immunoreactivity, detected with a monoclonal anti-
body, is found in the soma and varicosities, and its
pattern of localization was somewhat similar to those of
VAChT and Syt. Figure 7 shows double labeling exper-
iments performed with Syp (red) and VAChKT (green)
antibodies. There is good colocalization of immunoreac-
tivities for these proteins, which is shown in yellow in
the overlay.

The presence of large amounts of synaptic proteins
widely distributed in the soma of SN56 cells suggests the

existence of an extense network of endomembranes
therein. To visualize endocytic membranes into the cells,
we used the vital dye FM4-64 to label organelles that
suffered exocytosis/fendocytosis during a period of 16 h.
Incubation with FM4-64 labeled the soma, compatible
with the presence of large membranous structures in the
cell body (Fig. 8). Arrows indicate that some varicosities
were also able to incorporate the dye, possibly in endo-
somal compartments.

DISCUSSION

A putative cDNA coding for VAChT was first isolated
from a Caenorhabditis elegans mutant, unc-17 (Alfonso
et al., 1993), which presents defective cholinergic trans-
mission and, as a consequence of that, resistance to
cholinesterase inhibitors. This earlier work provided the
molecular tools to isolate homologous cDNAs from ver-
tebrates (Erickson et al., 1994; Roghani et al., 1994;
Varoqui et al., 1994) and to show that this gene coded for
a vesamicol-sensitive VAChT (Erickson et al., 1994; Liu
and Edwards, 1997; Varoqui and Erickson, 1997). The
VAChT gene has a unique genomic organization, and it
is present within the first intron of the ChAT gene, in
what has been proposed to be a “cholinergic gene locus”
(see reviews by Usdin et al., 1995; Eiden, 1998). Regu-
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FIG. 6. Immunolocalization of Syt in
SN56 cells. A: Confocal section of a
cell labeled with a rabbit antibody
against Syt and an FITC-labeled sec-
ondary goat anti-rabbit antibody.
Note that immunoreactivity in the
soma of the pseudocolored image is
not homogeneous. Arrows indicate
Syt-positive varicosities. Bar = 20
wm. B: Bright-field image of the same
cell in A. C: Optical section of cell
labeled with SV2 (red, visualized with
a secondary antibody coupled to Al-
exa568) and VAChT (green, visual-
ized with an FITC-labeled secondary
antibody) antibodies and the corre-
sponding bright-field image. Note
that, again, SV2 immunoreactivity is
present in a region closer to nucleus,
but in this example, it also appears as
some punctated peripheral localiza-
tion. Bar = 20 um.

lation of VACHT expression (Bejanin et al., 1994; Ber-
rard et al., 1995; Berse and Blusztajn, 1995; Cervini et
al., 1995; Misawa et al., 1995), its sorting to synaptic-
like vesicles (Gilmor et al., 1996; Weihe et al., 1996;
Varoqui and Erickson, 1998), and regulation of its ac-
tivity (Noremberg and Parsons, 1989; Van der Kloot,
1991; Barbosa et al.,, 1997) have all been the focus of
extensive research.

SN56 cells may provide an alternative model to study
VAChKT because the cells should normally express the
transporter as an inherited characteristic from their cho-
linergic parent cell. However, whether VAChHT is ex-

J. Newrochem.. Vol. 73, No. 5, 1999

pressed by this cell line has not been yet determined. The
present experiments have confirmed and extended some
of the findings relating SN56 cells to a neuronal pheno-
type. First, we show that differentiated SN56 cells re-
spond to depolarization by increasing intracellular cal-
cium, and this seems to relate, at least partially, to entry
of calcium through P/Q type calcium channels. Two
complementary pieces of evidence indicated that this
neuronal-type channel is present in the cells in the cor-
rect location: (a) blockage of Ca®* concentration in-
creases in the soma and in varicosities of SN56 by w-Aga
IVA and (b) the detection of expression of the alA
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FIG. 7. Colocalization of VAChT and
Syp in SN56 cells, shown in an optical
section of cells labeled with a mono-
clonal antibody against Syp (red) and
also with the VAChT antibody (green)
and the corresponding bright-field im-
age. The overlay image shows a simi-
lar pattern of labeling for both antibod-
ies (yellow). Arrows indicate some of
the varicosities that are immunoposi-
tive. Bar = 20 um.

subunit of voltage-gated Ca®* channels [which are likely
to form P/Q channels (Sather et al., 1993; Stea et al,,
1994)] in the cell body and varicosities or growth cones
of processes. P/Q calcium channels are generally present
in neurons (Westenbroek et al., 1995) where they control
neurotransmitter exocytosis (Turner et al., 1992; Mintz et
al., 1995: Guatimosim et al., 1997). It is interesting that
the parental cell line for SN56, N 18TG2, does not seem
to express neuronal-type calcium channels (Crawford et

al., 1992). Moreover, 30% of high-voltage-activated cal-
cium currents in neurons of nucleus basalis from guinea
pig are sensitive to w-Aga IVA [P/Q type channels
(Williams et al., 1997)], a result somewhat similar to that
presently obtained for SN56 cells. Overall, calcium mea-
surements suggest that the cells are viable after differen-
tiation and are able to increase intracellular calcium
levels in response to depolarization through a neuronal-
type calcium channel. This response occurs also in sites

FIG. 8. Labeling of endocytic organelles in SN56 cells by the vital dye FM4-64. A: Field of view of SN56 cells labeled with the
impermeant membrane dye FM4-64 far 16 h. The cells present staining compatible with the presence of the impermeant dye inside
membranous structures. Arrows indicate varicosities that were also able to internalize the dye owing to endocytic activity. B:
Corresponding bright-field image of the same cells on A, Bar = 20 um.

J. Newrachem., Vol. 73, No. 5. 1999
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possessing morphological and functional features of rel-
evance for neurotransmitter release, supporting the no-
tion that calcium signaling in these cells is an inherited
feature of their cholinergic parental cells.

To study VAChT expression, we first amplified,
cloned, and sequenced mouse VACHT (data not shown).
Sequence analysis suggested that mouse VAChHT is, as
expected, very homologous to human and rat VAChHT. It
is noteworthy that comparison of the mouse sequence
obtained in the present study with the published se-
quence described by Naciff et al. (1997) indicates two
amino acid differences: Leu at position 178 and Met at
position 497 instead of Phe and Val, respectively. Be-
cause lhe sequences came from distinct mouse strains,
the differences may reflect polymorphism of the protein.
It is interesting that Leu!”® and Val*®" are conserved in
other mammals,

Immunoprecipitation and immunoblot analysis indi-
cated that VACHT is expressed by differentiated SN56
cells, These experiments showed that VACHT is ex-
pressed in reasonable amounts, making the protein easily
detectable in these cells, ditferent from native PCI12
cells, for example, that express only small amounts of
endogenous VACHhT (Varoqui and FErickson, 1996; Liu
and Edwards, 1997), VAChT is a protein of ~36 kDa,
but owing to glycosylation it presents, in SDS gels, an
apparent molecular size of 70—80 kDa in brain tissues
(Gilmor et al.,, 1996; Barbosa et al., 1997; Liu and
Edwards, 1997). The immunodetected VAChT from
SN356 cells also showed an apparent molecular size
around 80 kDa. Moreover, the protein migrated similarly
to immunadetected VAChT present in mouse spinal
cord, suggesting that if therc are differences in posttrans-
lational modifications, these do not change the eletro-
phoretic behavior of VACHT. 1t should be noted that very
little, if any, VACHT protein was detected at 39 kDa, as
shown before for another neuroblastoma cell line
[NG108-15 (Diebler et al., 1998)], which, according to
Varoqui and Erickson (1996), corresponds to a deglyco-
sylated form of VAChT. Thus, it seems that although
certain neuroblastoma cell lines are unable to process
VAChHT correctly, the hybrid SN56 is capable of express-
ing the protein more similarly to cholinergic neurons.

SN56 cells present varicosities that could represent
sites of transmitter release. One requirement for that
would be the correct localization of YVAChT and other
synaptic vesicle proteins. Confocal microscopy analysis
indicated that VAChT is present in varicosities and
growth cones; however, it is also found in soma of SN56
cells in large amounts, {n addition, other synaptic vesicle
proteins, such as the putative calcium sensor Syt, S8V2,
and Syp were also found in varicosities, which strongly
supports the notion that these sites are capable of ACh
release.

The labeling for VACHT in the smna of SN56 appears
similar to that found in PCI2 cells overexpressing the
transporter, consistent with the notion that VAChT is
present in endosomes (Liu and Edwards, 1997). VAChT
immunolabeling appears to be similar to that of Syt and
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Syp in the soma and varicosities. Synaptic vesicle pro-
teins are believed to pass through an endosomal inter-
mediate before reaching mature synaptic vesicles
(Johnston et al., 1989; Cameron et al., 1991; Regnier-
Vigouroux et al., 1991), which would support the idea
that in SN56 cells at least part of the VAChT is present
in endosomes in the cell body. Indeed, labeling with
FM4-64 has shown that SN56 cells present a large num-
ber of endosomal-like structures. This dye has been used
as a probe for endocytosis in various preparations and
behaves essentially like FM1-43 in labeling endocytic
structares (Cochilla et al., 1999). Consistent with that,
transfection of 2 VACHT fluorescently tagged with green
fluorescent protein in SN56 cells indicated that VAChT
is present in the cell body in organelles that can be
labeled with FM4-64 (M. S. Santos et al., manuscript in
preparation).

Immunocytochemistry analysis of cholinergic neu-
rons, including those of the basal forebrain in the rat,
shows that some cholinergic cell bodies are heavily la-
beled by VAChT antibodies (Roghani et al., 1998; Scha-
fer et al., 1998). Thus, cholinergic neurons may also have
VACHT in endosomes, and this may be part of the
constitutive pathway used by the transporter to reach
nerve terminals (see Regnier-Vigouroux et al, 1991;
Nakata et al., 1998).

Another possibility is that some VAChT may be
present in a storage organelle that could be involved in
soma exocytosis. It is noteworthy that some treatments
that yield neurochemical differentiation of SN56 cells,
i.e., ability to synthesize and release ACh, do not pro-
duce morphological differentiation, i.e., formation of
synaptic-like contacts (Blusztajn et al., 1992), which
would support an active role for VAChT present in the
soma. For example, dopamine can be released from the
dendrites and cell bodies of midbrain neurons (Kalivas
and Duffy, 1993; Heeringa and Abercrombie, 1995), and
the vesicular monoamine transporter VMAT? is found in
tubulovesicular organelles in dendrites and soma of do-
paminergic cells (Nirenberg et al., 1993; see review by
Reimer et al., 1998). Moreover, primary cultured neu-
rons also seem to have robust cell body exocytosis (Ma-
letic-Savatic and Malinow, 1998). which has been sug-
gested to participate in synaptic plasticity.

It is remarkable that SV2, a protein with structural
similarities to VAChT and other transporters, shows a
distinct pattern of labeling when compared with VAChT,
Syt, and Syp. Immunoreactivity in the cell body showed
important differences compared with other synaptic ves-
icle proteins. SV2 immunoreactivity was less distributed
in the soma than immunolabeling against other synaptic
vesicle proteins, where it appeared to label a defined
structure. Although not tested directly, the pattern of
labeling by SV2 could represent trans-Golgi network
(TGN) staining. SV2 is a I2-transmembrane domain
protein found in synaptic vesicles and large dense-core
vesicles, which has structural features of a transporter
(Bajjalieh et al., 1992; Feany et al., 1992; Gingrich et al.,
1992), but as far as we are aware no substrate has been
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found in nerve endings that is transported by SV2. Im-
munoelectron microscopy analysis indicates that when
the subcellelar distribution of SV2 is compared with that
of Syp, it presents a ratio of 9:1 in granules (SV2to Syp)
and 1:1 in synaptic-like vesicles from nerve growth fac-
tor-treated PC12 cells (Tanner et al., 1996). These results
suggest that SV2 may in fact show differences in target-
ing to secretory vesicles when compared with other syn-
aptic vesicle proteins. Indeed, transfection of Chinese
hamster ovary cells with V2 cDNA shows that the
protein sorts 1o a population of large vesicles distinct
from endosomes (Feany et al,, 1993). Inasmuch as the
location of SV2 in the TGN is a speculative suggestion,
sorting of proteins to large dense-core granules occurs at
the TGN (see reviews by Tooze, 1991, 1998), which
would then favor the notion that SV2 is present in dense
vesicles in SN56 cells. Electron microscopy analysis has
indicated the presence of such secretory organelles in SN
cell lines, as well as small clear synaptic-like vesicles
that are found in varicosities (Hammond et al., 1990).

Another interesting aspect of sorting of SV2 comes
from investigations of synaplic vesicle precursors traf-
ficking in axons by the kinesin superfamily of proteins.
Hirokawa and collaborators {Okada et al., 1995) have
shown that although most of the synaptic vesicle proteins
use KIFla (a member of this kinesin superfamily), 8V2
and membrane proteins appear to be transported to ax-
onat tips by another motor protein, which would support
the idea of distinct intermediates in trafficking for SV2
and other synaptic vesicle proteins. Thus, the present
results showing that $V2 antibody labels varicosities and
growth cones, as do other synaptic vesicle proteins, but
does not stain the same cytoplasmic structures agree with
these previous reports.

SN56 cells synthesize and release endogenous ACh
(Blusztajn et al., 1992) and several synaptic proteins,
such as calcivm channels and synaptic vesicle proteins,
including VACKT, Syt, SV2, and Syp, are present in
their varicosities, suggesting that varicosities may have a
population of functional synaptic vesicles and endocytic
organelles, as seen in ultrastructural studies of other SN
lines (Hammond et al., 1990). The distribution of distinct
synaptic vesicle proteins in different cellular compart-
ments suggests that SN56 cells may provide an alterna-
tive paradigm to study the genesis of small synaptic
vesicles, molecular determinants of neuronal polarity,
and the trafficking of synaptic vesicle proteins to sites of
ACh storage and release,
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4-AMINOBENZOVESAMICOL was used to test whether
activation of protein kinase C protects the vesicular
acetylcholine transporter from interaction with vesami-
col-like drugs. The essentially irreversible vesamicol
analog inhibits the release of newly synthesized
*H]Jacetylcholine from stimulated hippocampal slices.
Prior activation of protein kinase C with a phorbel
ester prevented the inhibition of [*HJacetylcholine
release, but activation of protein kinase C after the
exposure to the irreversible analog did net prevent the
eflect of the drug. Binding of 4-aminobenzovesamicol in
hippocampal synaptosomes, assayed using [*H]vesa-
micol and back-titration, was decreased by activation of
protein kinase C prior to analog exposure but not by
activation subsequent to exposure. We propose that
phosphorylation of the vesicular acetylcholine transpor-
ter prevents the binding of vesamicol-like drugs. Neuro-
Report 10:2783-2787 @ 1999 Lippincott Williams &
Wilkins,
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Introduction

Synaptic communication depends on the concerted
action of many proteins to trigger exocytosis of
neurotransmitter-loaded synaptic vesicles. The ac-
cumulation of transmitter into vesicles determines
how much of the chemical mediator a given vesicle
will release, and thus is of relevance for proper
synaptic communication in the nervous system.
Storage of acetylcholine (ACh) by synaptic vesicles
depends on the activity of a vesicular acetylcholine
transporter (VAChT), which uses a proton electro-
chemical gradient to move ACh 10 the inside of the
organelle [1-3]. Inhibition of the transporter by
drugs such as vesamicol has shown that ACh storage
is critical for maintenance of ACh release during
prolonged stimulation [1,4].

Experiments by Van der Kloot [5-7] demonstrate
that the size of ACh quanta can be pharmacologi-
cally increased, apparently by manipulation of sec-
ond-messenger levels and protein kinase activity.
Pharmacological manipulation of protein phospha-
tase activity can also affect the amount of ACh
present in synaptic vesicles [8]. Over-expression of
VAChT by immature Xenopus motoneurons in-
creases quantal size several-fold [9]. Thus, quantal

0958-4965 T Lippincott Williams & Wilkins

size is variable, and the plasticity in quantal size has
been linked to VACHT in at least one circumstance.
Regulation of VAChT might control synaptic
strength.

We recently showed that VAChT is phosphoryl-
ated in hippocampal synaptosomes and that the
phosphorylation level increases in response to acti-
vation of protein kinase C (PKC} [10]. Indeed, the
deduced amino acid sequence of VAChT indicates a
region of consensus for PKC phosphorylation (Ser-
480) [11,12]. The vesicular monoamine transporter
(VMAT) has also been shown to be phosphorylated
[13).

The role of VACHT phosphorylation in the
storage of ACh is not yet clear. Previous experi-
ments demonstrated that vesamicol-treated choliner-
gic terminals, which normally fail to release ACh in
response to stimulation, can become release-com-
petent by activation of PKC, as if phosphorylation
could interfere with the ability of vesamicol to block
ACh transport [10,14]. The present study provides a
more robust test of this possibility by use of the
essentially irreversible vesamicol analog 4-amino-
benzovesamicol (ABV) [15,16]. We also measured
[H]vesamicol binding sites in membranes prepared
from manipulated synaptosomes to assess whether

Vol 10 No 13 9 September 1999 2783



NeuroReport

A. D. Clarizia et al.

PKC activation blocks the binding of vesamicol-like
drugs to VAChT. Our results suggest that prior
PKC activation prevents ABV blockade of ACh
storage by preventing binding of ABV to VAChT.

Materials and Methods

[*H]vesamicol (35 Ci/mmol), and [*H-methyl]cho-
line (60-90Ci/mmol) were from New England
Nuclear, a division of DuPont, Inc. (USA). Percoll
and diethyl p-nitrophenylphosphate (paraoxon)
were from Sigma Chemical Co. (USA). Phorbol
myristate acetate (PMA), and a-PMA were from
Research Biochemicals International (USA). Vesam:-
col and ABV were synthesized as described [17]. All
other chemicals and reagents were of analytical
grade obtained from usual commercial sources.

Rat brain bippocampal slices: Animal use was in
accordance with the guidelines of the Brazilian
Research Council (CNPq), and the procedures were
approved by the local Animal Care Committee in
Brazil. Wistar rats of both sexes (180-200g} were
decapitated. Their hippocampi were removed and
put in ice-cold medium (see below) immediately.
Slices (300um) were obtained with a Mcllwain
tissue chopper.

Release of PHIAChH from rat brain hippocampal
shires: The release of PHIACh was followed after
labeling hippocampal slices with [*H]choline chlor-
ide, essentially as described [10,16] at 37°C. When
the action of ABV was examined the drug was
added to slices 15min prior to incubation with
[*H]choline. In these conditions, ABV does not alter
the uptake of [*H]choline [16]. After incubation
with [*Hlcholine, the slices were washed twice
before stimulation at 15Hz through a platinum
electrode (field stimulation, square wave pulses,
10V/em, 0.5 ms). Since ABV affects VACHT in an
essentially irreversible way [15,16] the drug did not
need to be maintained in the incubation medium
during the stimulation period to block ACh release.
Slices were separated from the incubation medium
by centrifugation, and ["H]JACh in the supernatant
was separated and measured as described [16] by
extraction with tetraphenylborun in 3-heptanone
and the choline kinase assay. The incubation me-
dium contained {(in mM) 124 NaCl, 4 KCl, 1.2
MgSQy, 2 CaCly, 10 glucose, 25 Hepes, pH 7.4 with
NaOH and 20pM paraoxen 1o prevent hydrolysis
of PHJACh.

Purification of hippocampal synaptosomes and bind-
ing of PHvesamicol: Hippocampal synaptosomes

were isolated from an S1 fraction of homogenized
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hippocampi by discontinuous Percoll density gradi-
ent centrifugation [18] as described [19]. In order to
determine whether PKC activation interfered with
ABV (and consequently vesamicol) binding, we
sought to design an experiment that would repro-
duce the conditions used for the experiments that
investigated the release of newly synthesized trans-
mitter. Moreover, it was of interest to use conditions
that have been previously determined to increase
the phosphorylation of VAChT [10]. Therefore,
[*H]vesamicol binding was carried out in the fol-
lowing way to investigate the role of PKC on ABV
binding. First, synaptosomes {~600 ig determined in
preliminary experiments to be optimal for specific
binding of [*H]-vesamicol) were incubated with
PMA (200nM), a-PMA (200nM) or no drugs for
15min and then ABV {1pM) was added for a
further 15 min when necessary. In one of the proto-
cols ABV was added before the treatment with
PMA. Since the binding of ABV is irreversible for
the time period of this experiment [15] the results
should reveal the sensitivity of VACKT to ABV in
intact synaptosomes. The binding sites remaining
after the treatments above could be determined with
[’H]-vesamicol (180 nM). After the incubation with
ABV, synaptosomes were then separated from the
incubation medium by centrifugation and were
resuspended in 10mM Tris (pH 7.4 with HCI)
containing 2 mM of CHAPS in a homogenizer, with
the objective of disrupting the nerve terminals. The
synaptosomal extract was then incubated for 40 min
(room temperature) with 100nM of [*?H]vesamicol,
and bound vesamicol was separated from the free
drug by filtration through GF/F filters previously
treated with polyethylenimine (1%). Non-specific
binding was determined in the presence of 30uM
(—)-vesamicol. The K4 for [*H]vesamicol in synap-
tosomal extracts was obtained similarly as above,
but without the pretreatments with drugs. The
extract was incubated with increasing concentrations
of [*H]vesamicol and the experiment performed as
above. The data were plotted using Sigmaplot and
the Ky obtained by computer-assisted regression

(hyperbolic fit).

Results

Hippocampal slices release newly synthesized
{PH]ACh upon stimulation (15Hz, 5min), and the
amount of evoked release is several-fold higher than
the basal release (Fig. 1A). Previous work has shown
that vesamicol blocks evoked release of newly
synthesized [*H]ACh by blocking storage and the
phorbol ester PMA prevents the vesamicol effect.
The effect of PMA is due to activation of PKC and
has been suggested to be related to phosphorylation
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FIG. 1. Effect of PKC activation on ABY action. (A) Hippocampal slices
were incubated in the presence or absence of ABV (1 uM) for 15min and
then with [*Hicholine for 45min. Released [PHIACh was measured as
described [10] with or without electrical stimulation (5 min, 15Hz) in the
conditions described in the panel. PMA (200nM) was added 15min
before exposure to ABV and was maintained during the period of
fabelling with [*Hicheline (before} or was added only 15min prior to
elactrical stimulation (after). The bars are means + s.e.m. for four experi-
ments performed in duplicate. *Statistically different from slices stimu-
lated in the presance of ABV {p< 0,05, ANOVA and adjusted +est with
p values corrected by the Bonferroni method for comparison between
groups). {B). Binding of ABV in intact synaplosomes assessed by back-
fitration with {*H]vesamicol. Synaptosomes werg exposed to PMA
{200nM) or a-PMA (200nM) for 15 min and then incubated with ABV
(1M} for 15min, In some experiments ABV was hot added to synapto-
somes {cantrof} and in others PMA was added after exposure to ABY
(ABV/PMA). After the incubation, membranes were prepared as de-
scribed in Materials and Methods and the specific binding for
[PH]vesamicol was determined. Resuits are mean +s.e.m. for six {con-
trol, ABV, PMA/ABV) and three (w-PMA, ABV/PMA and PMA) experi-
ments performed in triplicate. *Significantly different from those obtained
in the presence of ABV (1M, p<<0.05 ANGVA and adjusted +test with
p vaiues corrected by the Bonferrcni method for comparison between
groups).

of VACHT [i0,i4]. Here we tested whether block-
ade of evoked release (and thus storage) by the
essentially irreversible vesamicol analog ABV can
also be prevented by activation of PKC. Moreover,

because of the near irreversibility of ABV action on
VACHT, we could ask whether the order of addition
of PMA and ABV produces different outcomes.

Like vesamicol, ABV blocks the evoked release of
newly-synthesized transmitter when it is present
during uptake of [*H]choline (Fig. 1A). To test prior
PKC activation, slices were treated sequentially with
PMA (200nM), ABV (1 uM) and radiolabeled cho-
line. In this condition, activation of PKC prevents
blockade of evoked release by ABV (Fig. 1A). PMA
does not affect the evoked release of PH]ACh in
the absence of ABV, suggesting that the PMA effect
is linked to VACKT (Fig. 1A). In contrast, when the
slices were treated sequentially with ABV and radio-
lIabeled choline, then activation of PKC with PMA
did not prevent blockade of evoked release by ABV
(Fig. 1A). The ABV behavior contrasts with that of
vesamicol, for which PMA prevents blockade of
evoked release no matter the order of addition [10].

The evidence presented so far suggests that activa-
tion of PKC prevents the association of vesamicol
and its analogs with the transporter. To test this
hypothesis, binding of ABV ta VAChT was investi-
gated in intact synaptosomes using a back-titration
technique. Membranes were prepared from hippo-
campal synaptosomes subjected to relevant treat-
ments, and they were assayed for the amount of
[(*H]vesamicol binding sites. Saturation experiments
indicated that [PH]vesamicol binds with a Ky of
~30nM (the results of two independent experiments
with triplicate data points were 32 and 32.5nM)},
similar to the results from rat brain membrane
preparations (20nM) [20,21]. This information al-
lowed assay at near saturation.

Treatment of synaptosomes with ABV decreased
the amount of specific binding greatly (~80%
inhibition, Fig. 1B). Therefore, as expected, ABV
apparently remained bound to VAChT during prep-
aration of the membranes and incubation with
radiolabeled vesamicol [15,16]. Pretreatment of syn-
aptosomes with PMA, but not with its inactive
analog, blocked the decrease in binding of
PH]vesamicol caused by ABV (Fig. 1B). This sug-
gests that ABV binding itself was blocked, thus
making VAChT available for subsequent binding to
[*Hlvesamicol. In contrast, when the order of
addition of PMA and ABV was reversed, the
decrease in binding of [PH]vesamicol caused by
ABV was apparent (Fig. 1B). Prior exposure to
PMA alone did not affect [PH]vesamicol binding
(Fig. 1B). This suggests that when PMA is removed
during preparation of the membranes and activation
of PKC ceases, VAChT may become desphos-
phorylated, perhaps due to endogenous protein
phosphatase activity during the incubation with
radiolabeled vesamicol.
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Discussion

The present experiments tested whether PKC activa-
tion alters the interaction of vesamicol-like drugs
with VACHT, by using a vesamicol analog, ABV.
PKC activation prevented the interaction of ABV
with VACHT, when the tissuc was exposed to PMA
before treatment with ABV, but not after the tissue
was incubated with the vesamicol analog. This was
reflected in a lack of inhibition of PH]JACh rclease
in conditions in which binding of ABV to the
transporter was decreased.
It is noteworthy that previous experiments with
vesamicol have shown that PKC activation is effec-
tive even after exposure of the tissue to this drug
[10]. The explanation for this difference probably
resides in the characteristics of vesamicol and ABV
binding to VAChT. Bound vesamicol and bound
ABYV dissociate with half-lives of a few minutes and
about a day, respectively [15]. We do not know if
only free VACHT can be phosphotylated or whether
drug-bound VAChT can also be phosphorylated. In
the former case, free VAChT susceptible to phos-
phorylation would form spontancously for a brief
period every several minutes by dissociation of the
vesamicol complex, whercas it would not form
significantly from the ABV complex. In the latter
case, phosphorylated vesamicol complex presumably
dissociates and does not reassociate, whereas phos-
phorylated ABV complex apparently does not dis-
sociate. In cither case, the experiments demonstrate
that PKC must be activated before exposure to an
irreversible VAChT inhibitor in order to protect
VACHT from the drug.

The present experiments show with two com-
plementary sets of data that PKC activation prevents
the interaction of vesamicol-like drugs with
VACHT. The simplest interpretation of the data is
that phosphorylation of VAChT by PKC inhibits
the binding of vesamicol analogs, although a causal
relationship between VACKT phosphorylation and
inhibition of binding has not been demonstrated
directly. Other interpretations are possible, but they
require more complicated circumstances. Therefore,
based on the evidence that activation of PKC indeed
causes VACHhT phosphorylation [10] {(see also dis-
cussion in [22]), we favor the simplest explanation.

If it is accepted that activation of PKC inhibits
vesamicol binding as a consequence of VACKT
phosphorylation, then one major question presents
itself. What is the physiological role of VACHT
phosphorylation? One possibility is that a protein
or other endogenous factor interacts with VAChT at
the vesamicol binding site to control its activity.
Recent experiments on the pH dependence on both
sides of the wvesicular membrane suggest that
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VAChT exchanges two protons for each ACh
molecule taken up [23]. This stoichiometry provides
a thermodynamic driving force much larger than
required to account for the estimated concentration
of vesicular ACh in wivo [23]. Hence, regulation of
VACHT by a brake mechanism apparently operates,
which might resemble a previous reported action of
c¢AMP on monoamine transport [24],

This could allow vesicles to maintain a constant
concentration of stored ACh in the presence of a
declining concentration of cytoplasmic ACh during
heavy nerve activity. Alternatively, such a mechan-
ism might regulate the amount of stored transmitter
in response to cellular signaling, as suggested by the
pioneer experiments of Van der Kloot {6].

A somewhat similar regulatory mechanism has
been proposed for the vesicular monoamine trans-
porter (VMAT) in chromaffin cells. VMAT is
homologous to VACHT, and a specific G-protein
{Go2) inhibits monoamine transport by VMAT [25].
The interaction of activated G-protein with VMAT
seems to occur at the reserpine binding site to
decrcase transporter activity. Therefore, drugs that
block the activity of this family of vesicular trans-
porters might mimic a physiological mechanism of
cellular signaling. We speculate that, in analogy with
VMAT, ACh storage might be regulated by an
endogenous vesamicol-like factor that binds 1o
VAChT. Moreover, such regulation of VAChT
might itself be controlied by PKC-mediated phos-
phorylation. Although the physiological role of
VACHT phosphorylation on cholinergic transmis-
sion is not yet clear the results presented may be of
importance for  vivoe imaging of cholinergic neu-
rons with vesamicol analogs. It thus should be taken
into account that the pattern of phosphorylation of
VACHT may alter the binding of such probes to the
cholinergic system.

Conclusion

We suggest that activation of PKC, and perhaps
phosphorylation of VAChT, can impair the binding
of vesamicol-like drugs to the ACh transporter.
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Abstract

The GH, anterior pituitary cell line has been used as a mode! to investigate diverse aspects of pituitary cell physiology including Ca®*
homeostasis and secretion. These cells possess muscarinic recepters which, by activating K* channels and inhibiting Ca®* channels,
should decrease electrical excitability,. We measured the effect of carbachel {10 M) on the frequency of Ca®* oscillations caused by
Ca®* action potentials in the plasma membrane. Carbachol reduced oscillation frequency by = 83% (p < 0.001). This inhibition was
reversed by atropine (I wM), and was prevented by pre-incubation with pertussis toxin (200 ng,/ml, 24 h). Since many anterior pituitary
cell types secrete acetylcholine, the presence of muscarinic receptors coupled to cell excitability in these cells suggest that ACh could
exert & paracrine- or autocrine-like action in GH ; cell cultures. In experiments designed to test this idea, perfusion with | pM atropine
caused a small but significant increase { p < 0.05) in oscillation frequency when the cells had previously been incubated for 30 min
without perfusion. However, this effect was not blocked by either pre-treatment with pertussis toxin or by including atropine during the
entire experiment (including the 30-min incubation without perfusion). We conclude that these cells respond to muscarinic agonists by
decreasing oscillation frequency but find no evidence for feedback control by endogenous ACh under these conditions. © 1999 Elsevier
Science B.V. All rights reserved.

Keywords: GH cell; Muscarinic receptor; Ca’*t oscillation; Pertussis toxin, GTP binding protein

1. Introduction Acetylcholine {ACh), acting through muscarinic recep-
tors, influences diverse aspects of GH, cellular physiology
including the synthesis and liberation of hormones and the
regulation of intracellular Ca®* concentration, Some of
these effects are mediated by decreases in the rate of
synthesis and the level of cAMP [2,11,16]. In addition, G
proteins activated by muscarinic receptors can act directly
on K* and Ca’* channels [1], and thus, these receptors
should be able to change cellular excitability.

Despite the fact that Ca®* oscillations in GH, cells are
known to be highly variable from one cell to another, there
is little data on the effects of cholinergic agonists on Ca**
homeostasis or cell excitability studied at the level of
individual cells. Tt has been shown that carbachol reduces
average cytosolic [Ca>*] in GH, cells and also causes a
membrane hyperpolarization [12]. These studies, however,
were carried out on suspensions of cells, and thus report

The GH lines of clonal anterior pituitary cells present
spontaneous action potentials in the plasma membrane
which depend on Ca’* and K* channels, but not on
TTX-sensitive Na* channels [8). During these action po-
tentials, a depolarizing influx of Ca’* through L-type
channels rapidly increases intracellular Ca?* from resting
levels of = 150 nM to peak levels approaching | pM [13],
These repetitive ““Ca** oscillations’", i.e., the rise in Ca®*
and its subsequent fall due to expulsion and intraceliular
buffering, can be monitored by following the fluorescence
of an intracellular Ca®*-sensitive dye, providing a way 1o
menitor cellular excitability in large numbers of individual
cells in real time. Recently, this method has been used in
combination with K* channel antagonists to dissect the
role of different K* channels in the control of excitability

(4,101 only average behavior of large number of cells. Choliner-
gic stimufation activates the ‘*muscarinic’” K™ cliannel {1]

* Corresponding  author. Fax: +55-31-499.2695; e-mail: and inhibits L-type Ca®" channels [9] in these cells. Both
chris@mono.icb.ufmg br of these activities might be expected to reduce electrical
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excitability. However, one study conducted using whole
cell current clamp in individual GH , cells suggests, to the
contrary, that carbachol in¢reases excitability by, among
other effects, lowering the threshold for action potentials,
perhaps by blocking a K* channel [7]. Thus, the effect of
cholinergic agonists on Ca** oscillation frequency in un-
stimulated individual cells is unsettled, In the present
report, we use Ca’* imaging to characterize the effect of
muscarinic stimulation on Ca** oscillations in this pitu-
itary model system. In addition, we investigated the possi-
bility that endogenously released ACh or other secretions
have a role in controlling Ca** oscillation frequency.

2. Materials and methods

2.1. Materials

All reagents were of analytic or tissue culture grade and
were purchased from commercial suppliers. Pertussis toxin
(PTX) was from List Biological Laboratories (Campbell,
CA). Carbamylcholine chloride (carbachol) was from
Sigma. Atropine sulfate (atropine) was from Merck. Cell
culture reagents were from Sigma or Gibco.

2.2, Calciwm measurements in culfured GH, cells

GH, cells were grown following standard tissue culture
techniques as described previously [10]. Experiments were
performed at room temperature {20°C-25°C). Cells grown
on poly-lysine coated coverslips were incubated in Ringer
(in mM: 140 NaCl, 54 KCl, 1.8 CaCl,, 0.5 MgCl,, 10
glucose, 5 HEPES, pH 7.4 adjusted with NaOH) contain-
ing 10 pM Fluo-3 AM for 1 h. After incubation with dye,
the coverslips were washed with Ringer, then transferred
to a custom holder in which the coverslip formed the
bottom of a 400-p.l bath. A gravity-fed perfusion system
and a peristaltic pump drain allowed solution exchange
with a time constant for solution turnover of ~ 20 s, When
PTX was used, it was included at a concentration of 200
ng/ml in the tissue culture media and was also included in
the dye-loading incubations as well as during the incuba-
tions without perfusion used for the experimental protocols
(see text and figure legends).

Imaging was performed with a Bio-Rad MRC 1024
laser scanning confocal system running the software Time-
course 1.0 coupled to a Zeiss microscope (Axiovert 100)
with a water immersion objective (40 X, 1.2 NA). Excita-
tion was by the 488 nm line of an argon laser (Coherent}
and emitted light passed through a 522 /32 nm band-pass
filter. Laser power was 0.3%-1%, and the detector iris
was set to 8 {i.e., maximal open). Images were collected at
[.6 Hz. At the end of the experiment, a rectangular region
was drawn within each cell, and average fluorescent inten-
sity for each cell at each time point was recorded.

Statistical analysis of Ca®* oscillation frequency was
performed as previcusly described [10] with minor modifi-
cation. In all of the experiments, each cell was analyzed
individually. First, positions of the oscillations in the ex-
perimental record were determined for individual cells
using a software peak detector. The detected oscillations
for each cell were verified by visual inspection of the
traces. Then, the number of oscillations that occurred
belore treatment {L.e., control) and during treatment were
counted. The mean frequency of oscillations for each cell
was calculated as the number of oscillations divided by the
period of observation. To calculate the probability that the
observed changes in oscillation trequency occurred by
chance, we constructed cumulative frequency distributions
and used the Kolmogorov-Smirnov statistic (D, _¢) [10].

To construct mean time courses of oscillation fre-
quency, an array of dimensions {m X n} was formed, where
m is the number of cells in the experiments and » is the
number of time points. Values of the array were set to 1 if
an oscillation peak occurred in the corresponding cell and
time point or to 0 otherwise. Each row in the array was
then passed through a 60-s running average software filter
to obtain the time course for each cell. Finally, all the
columns were averaged to form the mean time coursg for
all cells in the experiment.

Each experiment consisted of Ca®* measurements from
35 to 100 individual cells. Each result was reproduced in at
least three independent experiments. Ca®' traces from
individual cells displayed in Section 3 were selected by
numbering each cell sequentially and using a random
number generator to choose the desired number of regis-
ters. Unless otherwise noted, results are stated as mean +
95% confidence limit and error bars are 95% confidence
limnits.

3. Results

3.1. Effect of cholinergic agonists on Ca’* oscillation
Sfrequency

We characterized the effect of [0 pM carbachol on
oscillation frequency in individual GH, cells (Fig. 1).
Cells were louded with Fluo-3, and intracellular Ca®* was
followed by recording images at 1.6 Hz. Each trace in Fig.
1A represents relative changes in intracellular Ca®*
recorded from an individual cell (shown are five cells
chosen at random from 44 cells in the trial). The cells were
perfused continuously and at the times indicated by the
bars, 10 pM carbachol was included in the bath solution.
Carbachol caused a dramatic reduction in Ca?* oscillation
frequency which recovered upon washout of the drug. Fig.
IB represents a 60-s moving average of oscillation fre-
quency for all 44 cells studied in the experiment. In control
conditions, the average oscillation frequency was 6-7 per
min. Addition of carbachol rapidly reduced the average
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frequency to = | per min. This reduction in oscillation
frequency reversed rapidly upon washout of the drug from
the bath, and was reproducible during a second cycle of
application and washout.

As is commonly observed in GH, cells, the frequency
of Ca’® oscillations varied greatly from cell to cell (see
Fig. 1A} In order to compare osciliations from the popula-
tion of cells in control conditions, during treatment with
carbachol and after washout of the drug, we measured the
oscillation frequency for each cell in each condition, and
plotted the data as a cumulative distribution of oscillation
frequencies (Fig. 1C). In the cumulative distributions
shown in Fig. 1C and below, the value on the ordinate is
the fraction of cells with oscillation frequency less than or
equal to the corresponding value on the abscissa. Such a
plot has the advantage that it shows all the data in the
experiment and facilitates the calculation of the Kol-
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mogorov—Smimov statistic. As shown in Fig. 1C, in con-
trol conditions, 30% of the cells had an oscillation fre-
quency greater than 6 per min. Treatment with carbachol
significantly shifted this curve toward lower frequencies
{ p <0.001). Upon washout, the distribution retumned to
control levels. The described effect of carbachol on oscilla-
tion frequency was verified in {50 cells in four indepen-
dent experiments.

3.2, The effect of carbachol is mediated by muscarinic
receptors

In order to determine what type of receptor mediated
the effect of carbachol, we tested the effect of 1 pM
atropine, a muscarinic antagonist, and PTX (200 ng/ml,
24 h), which inactivates the G-proteins G, and G_. As
shown in Figs. 2 and 3, both of these treatments com-
pletely antagonized the inhibition of oscillation frequency
by carbachol.

Fig. 2A shows representative traces of the change in
intracellular Ca®* in control conditions, after application
of 10 pM carbachol, and after application of 1 pM
atropine in the continued presence of carbachol. Shown are
data from five cells, chosen at random from 36 in the trial.
Fig. 2B presents the time course of the average oscillation
frequency for all 36 cells during the same conditions. In
control conditions, the average oscillation frequency was
4-5 per min. Addition of carbachol reduced this average to
=1 per min. In the continued presence of carbachol,
atropine reversed this effect and brought the average back
to control levels. Fig, 2C shows the cumulative distribution
of oscillation frequency in the population of cells. Carba-
chol caused a significant ( p < 0.001) shift in the distribu-
tion towards lower oscillation frequencies, and this shift
was reversed by atropine in the continued presence of

Fig. 1. Effect of 10 M carbachol on Ca?* oscillation frequency, GH,
cells were loaded with Fluo-3 and changes in intracellnlar Ca** followed
in time by recording fluorescent images at 1.6 Hz. (A) Representative
traces showing changes in intracellular Ca?* in individual cells, Each
trace represents data from one cell. The cells were perfused continuously
and at the times indicated by the bars, 10 pM carbachol was included in
the bath. Shown are data for five cells chosen at random from 44 cells
studied in the experiment, (B) Time course of the average oscillation
frequency for all 44 cells in the experiments. Positions of all oscillations
were determined for each cell, and a 60-s moving average was con-
structed. As in part A, the bars indicate the times during which 10 uM
carbachol was included in the bath. (C) Cumulative distribution of
oscillation frequency. The average oscillation frequency was determined
for each cell in contrel conditions (Q), during exposure to 10 uM
carbachol () and upon washout of the drug (O). Plotted are the data for
all 44 cells studied in one experiment typical of four. Each value on the
prdinate is the fraction of cells with oscillation frequency less than or
cqual to the corresponding value on the abscissa. Protocol diagran:
carbachol was included during the times indicated by the thick bars. The
thin lines, with symbaols underneath, indicate the times used for sampling
oscillation frequency to consiruct the cumulative distributions of oscilla-
tion frequencies shown in panel C.
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carbachol. After pre-treatment with PTX, Ca®" oscillation
frequency was 6.1 £ 0.92 per min {i.e.. not different from
contral} but these cells were unresponsive to carbachol
(Fig. 3). The effects of atropine and PTX were each
verified in three independent experiments, each comprising
40-60 cells.

We have shown that carbachol, acting through mus-
carinic receptors, inhibits the frequency of Ca*™ oscilla-
tions in GH, cells. Since some anterior pituitary cells and
cell lines are known to secrete ACh [3,6,15], this raises the
possibility that released ACh from GH; cells in culture
may provide a tonic inhibition of Ca** oscillations. To test
this hypothesis, we recorded Ca®* oscillations during con-
trol conditions {no drug added) and in the presence of
atropine {1 wM). If endogenous ACh were providing tonic
inhibition of oscillation frequency, application of atropine
should antagonize this effect and result in an Increase in
oscillation frequency. Fig. 4A shows the cumulative distri-
bution of oscillation frequencies before and during treat-
ment with atropine. The results indicate that under these
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Fig. 3. Evidence that carbachol acts through a muscarinic receptor and a
GTP-binding protein. Caleium osciflation frequency was measured in
contrel Ringer and in the presence of 10 M carbachol either with no
treatment (None), with 1 wM atropine {Atrop). or after pre-treatment (24
h, 200 ng /ml) and in the continued presence of PTX. For each cell, the
ratio of oscillation frequency in the presence of carbachol 1o control was
calculated. Shown are the average ratios. Error bars are 95% confidence
timits. & = 30-60 cells.

conditions, atropine has no effect on Ca®* oscillation
frequency.

In the experiments described thus far, the cells were
perfused continucusly during the entire protocol. Since
ACh might be released in very small amounts, the fast
perfusion during the experiment shown in Fig. 4A may
result in a very low concentration of the transmitter at the
cell surface, Therefore, we modified the experimental pro-
tocol to include a 30-min period without perfusion, in an

Fig. 2. Atropine reverses the effect of carbachol. GH, ceils were loaded
with Fluo-3 and changes in intracellular Ca** followed in time by
recording fluorescent images at 1.6 Hz. {(A) Representative traces show-
ing changes in intracellular Ca®* in individual cells. Each trace repre-
sents data from one cell. The cells were perfused continucusly, and at the
times indicated by the bars, 10 pM carbachol or 10 pM casbachol + 1
uM atrepine were included in the bath. Shown are data from five cells
chosen at random from 36 cells studied in the experiment. (B) Time
course of the average oscillation frequency for all 36 cells in the
experiments. Positions of all oscillations were determined for each eell,
and a 60-s moving average was constructed. As in part A, the bars
indicate the times during which 10 p.M carbachol or 10 pM carbachol + 1
LM atcopine were included in the bath. (C) Cumulative distribution of
oscillation frequency. The average oscillation frequency was determined
for each celi in control conditions (O}, during exposure to 10 pM
carbachol () and during exposure to i0 pM carbachol+ 1 wM atropine
{3 ). Plotted are the data for all 36 cells studied in one experiment typical
of three. Each value on the ordinate is the fraction of cells with oscillation
frequency less than or equal 1o the corresponding value on the abscissa.
Protecol diagram; carbachol and atropine were included during the times
indicated by the thick bars. The thin lines, with symbols undemcath,
indicate the times used for sampling oscillation frequency to construct the
cuulative digtributions of oscillation trequencies shown in panel C,
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Fig. 4. Effects of atropine and perfusion on oscillation frequency. GH,
cells were loaded with Fluo-3 and intracellular Ca®* followed in time by
recording fluorescent images at 1.6 Hz. The perfusion was off or on, and
atropine {1 M) was included or not in the bath at the times indicaled in
the protocol diagrams. (A) Effect of atropine. Perfusion was on during the
entire experiment. At the times indicated by the symbols in the protocol
diagram, oscillation frequencies were measured in the absence () ar
presence (@) of atropine, (B} Effect of atropine after a 30-min rest period
without perfusion. Cells were rested for 30 min without perfusion, At the
limes indicated by the symbols in the protocol diagram, oscillation
frequencies were measured in control Ringer without perfusion (O) or
during perfusion with atropine in the perfusate {@). (C) Effect of
perfusion alone. Atropine was present during the entire experiment. At
the times indicated by the symbols in the protocol diagram, oscillation
frequencies were measured in the presence of atropine but without
perfusivn (O) or during perfusion in the continued presence of atropine
(@). (D) Effect of perfusion on cells pre-treated with PTX. Cells were
pre-ueated with PTX as described int Section 2. At the times indicated by
the symbols in the protocol diagrum, oscillation freyuencies were mea-
sured in the presence of PTX without perfusion (O} or during perfusion
(@)

attempt to allow any released ACh to accumulate. We then
recorded Ca’* oscillations for 200 s without perfusion,
turned on the perfusion with 1 pM atropine and recorded
oscillatdons for another 200 s. Fig. 4B shows the cumula-
tive distribution of 69 cells in the study after the pre-in-
cubation without perfusion, and during perfusion with
atropine. In four of six experiments performed with this
protocol, perfusion with atropine caused a significant (p <
0.05) shift in the distribution toward higher oscillation
frequencies.

Since the act of perfusion alone could affect Ca**
oscillations, we repeated the experiment of Fig. 4B with
atropine in the bath for the entire period, including the
30-min pre-incubation, to prevent any released ACh from
reaching its receptors, Fig. 4C indicates that when mus-
carinic receptors are blocked with atropine, perfusion alone
is capabie of significantly shifting the distribution to higher
frequencies of oscillations ( p < 0.001). This effect of per-
fusion on oscillation frequency was observed in three
independent experiments.

Finally, we tried to antagonize the effect of perfusion
with PTX (Fig. 4D). In three independent experiments,
perfusion caused a significant increase in oscillation fre-
quency { p < 0.G5] in cells that had been pre-treated with
PTX.

4. Discussion

We have characterized the effect of cholinergic stimula-
tiop {10 wM carbachol) on Ca** oscillation frequency in
individual GH, cells. Essentially, all cells responded by
reducing their oscillation frequency dramatically. The ef-
fect was reversible upon washout of carbachol, by applica-
tion of 1 WM atropine in the continued presence of carba-
chol, or by pre-treatment with PTX, demonstrating the
requirement for muscarinic receptors acting through a
GTP-binding protein.

Qur resulits are consistent with the observation that
activation of muscarinic receptors activates G proteins
which open K* channels [1] and inhibits Ca’* channels
[9]. Either (or both) of these activities would tend to
diminish electrical excitability in GH, cells; activation of
K* channels would make it more difficult for the cells to
reach threshold, while inhibiting Ca®* channels would
tend to blunt the Ca** action potentials and the resulting
Ca®* oscillations. Recent reports have demonstrated the
importance of K* channels in determining Ca®* oscilla-
tion frequency and that blocking K* channels can increase
the frequency of Ca®* oscillations (4,10]. Our resuits also
explain the observed decrease in average cellular Ca®'
observed in suspensions of cells treated with carbachol
[12] and are consistent with the observed hyperpolarization
of the cell membrane in the same report.

Our results differ from those obtained in a study using
whole-cell current clamp to directly measure electrical
excitability [7]. These authors found that carbachol actually
increases electrical excitability and postulate that inhibition
of a K* channel may be involved. The differences be-
tween the two sets of results may relate to the fact that the
whole-cell configuration causes the dialysis of intracellular
components that may be crucial for normal receptor—effec-
tor interactions. In addition, normal Ca’* levels are gener-
ally lost in the whole-cell configuration, and intracellular
Ca’*, through its effects on Ca®*-sensitive K* currents
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and L-type Ca’’ channel inactivation, has a major role in
regulating membrane electrical properties in these cells.
Perforated-patch current clamp experiments may help o
resolve these differences.

Hormone secretion in the pituitary is regulated mainly
by specific hypothalamic releasing factors, but paracrine
control of hormone release has also been demonstrated (for
review sec Ref. [14]). Although a number of peptides and
amines have been found to regulate the synthesis and
secretion of pituitary hormones, one intriguing idea is that
ACh may function as an paracrine factor controlling the
release of prolactin and growth hormone [3,6]. Since some
types of anterior pituitary cells synthesize and release ACh
upon depelarizatton [3,6,15], we asked whether endoge-
nous ACh may affect Ca’* oscillation frequency in GH,
cell cultures,

To address this question, we looked for changes in
Ca?* oscillation frequency by addition of atropine (1 uM)
to GH, cells being perfused with normal Ringer. We were
unable to detect any significant effect of atropine alone.
We modified the experiment to include a 30-min rest
period (to allow any released ACh to accumulate), then
measured oscillation frequency in normal Ringer without
perfusion (to allow any accumulated ACh Lo stay in place),
then turned on the perfusion with atropine. Under these
conditions, we saw a small but significant increase in
oscillation frequency during perfusion with atropine com-
pared to in normal Ringer without perfusion. Howcver,
this increase ¢an be explained by the effect of perfusion
alone, because when we repeated the experiment in the
presence of atropine during the entire experiment (includ-
ing the *‘rest”” period), so that the only variable was the
presence or absence of perfusion, we again observed a
significant increase in oscillation frequency. Furthermore,
cells treated with PTX continued to respond to perfusion
by increasing their oscillation frequency.

One explanation for the effect of perfusion is that GH
cells may contnuously liberate some substance that in-
hibits oscillation frequency. Our data allow us to conclude
that, if this is so, this substance is not acling on muscarinic
receptors and probably not on a receptor coupled to G, or
G,. An alternate explanation is thal the mechanical stimu-
lation generated by turning on the perfusion stimulates the
cells. Indeed, mechanical effects have been obscrved when
studying these cells with suction microelectrodes {8].

The idea of an endogenously secreted substance affect-
ing electrical excitability has been suggested for chromaf-
fin cells [5]. In these cells, ATP co-secreted with catechol-
amines acts on purinergic autoreceptors to inhibit Ca®*
channels. Similar to the results we have here, this effect
was only seen when the cells were maintained without
perfusion. However, since purinergic receptors inhihit Ca®*
channels through a PTX-sensitive pathway [5]. such a
mechanism is unlikely to explain the effect of perfusion on
Ca’t oscillation frequency that we present here, because
PTX did not antagonize the effect of perfusion.

In conclusion, carbachol, acting through muscarinic re-
ceptlors, reversibly decreased cellular excitability in intact
GH; cells, mcasured as the frequency of spontaneous
Ca®" oscillations in individual, unstimulated cells. Initia-
tion of perfusion, after a period of incubation without
perfusion, appears capable of increasing oscillation fre-
quency. While the mechantsm behind this effect is un-
known, it appears not to be due to a G,- or G -coupled
pathway. It could be that perfusion washes away some as
yel unknown secretion, or the effect of perfusion could be
due to mechanical stimulation. Finally, we found no evi-
dence for feedback control by endogenous ACh in these
cells, which agrees with other reports that although some
pituitary cells synthesize and secrete ACh, the GH, cell
line expresses little or no choline acetyltransferase [3], a
key enzyme in ACh synthesis.
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Inhibition of glutamate uptake by a polypeptide toxin (phoneutriatoxin 3-4)

from the spider Phoneutria nigriventer

- Helton J.-REIS®, Marco A. M. PRADO*, Evanguedes KALAPOTHAKIS*, Marta N. CORDEIROT, Carlos R. DINIZT,
Lviz A. DE MARCO", Marcus V. GOMEZ* and Marco A. ROMANO-SILVA*!

*Divisdo de Biologia Celular, Departamento de Farmacoiogia, ICB, Universidade Federal de Minas Gerais, Av. Anlonio Carlos 6627 Pampulha,
31270-901 Belo Horizonte, MG, Brasil, and tFunda¢o Ezequiel Dias, Rua Conde Pereira Carneiro B0, 30550-010 Belo Horizonte, MG, Brasil

Glutamate concentration increases significantly in the extra-
cellular compartment during brain ischaemia and anoxia, This
increase has an important Ca®**-independent component, which
is due in part to the reversal of glutamate transporters of the
plasma membrane of neurons and glia. The 1oxin phoneutriatoxin
3-4 (Tx3-4) from the spider Phoneutria nigriventer has been
reported to decrease the evoked glutamate release from synap-
tosomes by inhibiting Ca** entry via voltage-dependent Ca®*
channels. However, we report here that Tx3-4 is also able to
inhibit the uptake of glutamate by synaptosomes in a time-

dependent manner and that this inhibition in turn leads to a
decrease in the Ca**-independent release of glutamate. No other
polypeptide toxin so far described has this eflect. Our results
suggest that Tx3-4 can be a valuable tool in the investigation of
function and dysfunction of glutamaiergic neurotransmission in
discases such as ischaemia.

Key words: brain ischaemia, calcium, glutamate transport,
synaplosomes,

INTRODUCTION

Glutamate, the major excitatory neurotransmitter in the central
nervous system, has key roles in brain function and dysfunction,
The release and homoeostasis of glutamate involve synthesis,
packaging into synaptic vesicles, release via exocytosis, and
subsequent reuptake of glutamate by specialized transporters in
the plasma membrane of neureons and glial cells, There is no
evidence for an enzyme that inactivates glutamate at the synaptic
cleft; termination of its action therefore relies on reuptake by
neurons and glia [1]. Prolonged contact of neurons with glutamate
results in neurotoxicity and cell death [2].

Several isoforms of amino acid transporters, named EAAT!
{GLAST), EAAT2 (GLT-1), EAAT3 (EAACI), EAAT4 and
EAATS, have been identified in the central and peripheral
nervous systems of different species [3-8]. Their unction relies
on the Na* gradient across the plasma membrane and on
the countertransport of K* and OH™[1]. Therefore changes in the
roncentration of these ions can alter transport function up to
the point of reversing its activity, resulting in net glutamate release
[9]. This release is distinguished from exocytotic release by the
fact that it is independent of Ca®* influx via selective voltage-
dependent channels. In brain cortical synaptosomes depolarized
with KCl, approx. 509, of measured glulamate release is Ca**-
independent und is mediated by reversal of the glutamate carrier
[10,11]. The transporter can be inhibited by several glutamate
analogues such as dihydrokainate and g-p,L-threo-hydroxy-
aspartate. A polyamine from spider venom was shown o inhibit
glutamate uptake [12] but no further investigation has been
reported since.

The venom of the spider Phoneutria nigriventer containg several
neurotoxic peptides with actions such as inhibition of the
inactivation of Na* channels [13}, blockage of K* channels [14]

and blockage of Ca** channels [15,16]. Among these peptides,
the toxin phoneutriatoxin 3-3 has been shown to inhibit the
evoked Ca**-dependent release of glutamate [rom synaptosomes
[17]. Further studies showed that another toxin, phoneutriatoxin
3-4 (Tx3-4}, had an inhibitory effect on Ca®* uptake in synap-
tosomes [18]. Here we report that synaptosomes preincubated
with Tx3-4 for 30 min and then depolarized with KCl have
& decreased Ca®*-independent release of glutamate, probably
owing to inhibition of the activity of glutamate transporters, This
opens interesting perspectives in the study of protein-protein
interactions to shed more light on the transporter function and
to allow the development of new drugs with therapeutic value in
ischaemia and anoxia,

EXPERIMENTAL
Materials

Tx3-4 was purified as described by Cordeiro et al. [19], dissolved
in water (80 xM) and stored in rliquots at —20 °C. 1-PH]Glu-
tamate was purchased from Amersham International (Little
Chalfont, Bucks., U.K.). Glutamate dehydrogenase (EC 1.4.1.3),
A-MADP* (1 mM stock solution in deionized water) and all other
chemicals, unless stated otherwise, were purchased from Sigma
Chemical Co. (St. Louis, MO, U.5.A.).

Preparation of synaptosomes

Adult Wistar rats were killed by decapitation without the use of
anaesthetics. Approval for this procedure was given by the local
ethics commitiee for animal research. The brains were extracted,
the hippocampi were dissected and the tissue was kept on ice
throughout subsequent processing. Tissue was homogenized

Abbreviations used: GPVs, glial plasmalemmal vesicles; Tx3-4, phoneutriatoxin 3-4.
' To whom cotrespondence should be addressed (e-mail mromanow@ich.uimg.br).
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Figure 1 Eftect of the toxin Tx3-4 pn giutamate release In hippacampal synaptosomes

~ Synaplosomes prepared 3s described in the Experimental seclion were incubaled with Tx3-4 at various concentrations indigated lor 30 min before depolarization with 33 mM KCI. (A) Time course
of glulamale release Alter preincubation with Tx3-4 at the concentralions shown (0.16-16 nM} or positive conirgl. (B Dose—sesponse curve generated from the data In (A) after & min of stimulabon
and expeessed as percentages ol inhibition of the conlrol. Data are means 5.0, for af least thiee separate experiments.

(0.1 g of tissue/ml) in gradient solution {0.32 M sucrose/1 mM
EDTA/0.25mM dithiothreitol, adjusted to pH 7.4 with | M
NaQOH). Synaptosomes were isolated by Percoll® gradient cen-

_ trifugation [20] and resuspended in HBSS (124 mM NaCl/4 mM
KCI/1.2 mM MgSO, /10 mM glucose/25 mM Hepes, adjusted
to pH 7.4 with 5 M NaOH) at approx. 5.0 mg/ml protein, as
described previously [11),

Preparation of glial plasmalemmat vesicles (GPVs)

. GPVs were prepared as described in [21]. In brief, the hippocampi
of Wistar rats were dissecfed and the tissue was kept on ice
throughout subsequent processing. Tissue was homogenized
(0.1 g of tissue/ml} in modified gradient solution (0.32 M su-

" crose/1 mM EDTA/0.25 mM dithiothreitol/20 mM Hepes, ad-
justed to pH 7.4 with 1 M NaOH) and centrifuged at 1000 g for
10 min. The supernatant was layered on a discontinous gradient
composed of 20°%, 109%, 6°, and 2% (v/v) Percoll in
gradient solution. The tubes were centrifuged at 33500 ¢ for
5 min. The layer between 2 °; and § % {v/v} Percoll was diluted
{to 10 mi) and centrifuged at 1000 g for 20 min; the supernatant
was centrifuged at 33500 g for 40 min. The precipitate was

washed twice with gradient solution and used as the GPV—

fraction,

Contintous glutamale release assay

Glutamate release was assayed by monitoring the increase in
fiuorescence due to the production of NADPH in the presence ol
NADP* and glutamate dehydrogenase [10,11). In experiments
designed to assess the Ca**-independent release of glutamate
under different condilions, we omitted CaCl, from the assay
buffer and added 2.0 mM EGTA.

Glutamate content ol synaptosomes

Glutamate content was assayed as described above in samples of
the supernatant of centrifuged synaptosomes incubated in the

@ 1959 Biochemical Society

presence of Tx3-4; the peilet was treated with Triton X-100
[0.05%; (v/v) final concentration] before measurement of the
glutamate remaining,

Assay for lactate dehydragenase release

Synaplosomes were incubaled for 1 or 30 min with Tx3-4 (8 nM)
followed by centrifugation at 10000 ¢ for 15s at room tem-
perature. The supernatant was assayed for lactate dehydrogenase

as described [22].

Uptake of L-[*H]glutamate

Synaptosomes or GPVs were diluted to a concentration of
0.8 mg/mi protein in HBSS without CaCl,. Samples {500 ul)
were pipetted into tubes and incubated for 15 min at 35°C,
CaCl, (1 mM final concentration) was added to synaptosomes
or GPVs and incubated with 0.35 uCi of L-[*H]glutamate for
305 after preincubation with toxins (Tx3-4 or w-conotoxin
MVIIC) or control experiments. To stop the uptake, 5 mi of ice-
cold HBSS was added; the synaptosomal or GPV suspension
was then vacuum-filtered (2.3 p#m filter pore size). The filters were
washed twice with 5 ml of HBSS containing 5 M non-radio-
active glutamate. The washed filters were then transferred to
scintillation vials containing 5 ml of scintillation cocktail [309,
{v/v) ethanol/309% (v/v) dioxane/30%; (v/v) toluene/1 % (v/v}
Triton X-100/7% (w/v) naphthalene/0.02% 1,4-bis-(5-
phenyloxazol-2-y)benzene  (‘POPOP’)/0.5%  2,5-diphenyl-
oxazole (*PPO'")] and the radioactivity was quantified in a
liquid-scintillation spectrophotometer (TR 1600 Tri Carb;
Packard). Data in c.p.m. were converted to d.p.m. after correction
for sample quenching and background subtraction,

Statistics

The statistical analysis for comparison between means (+5.D.}
was performed by analysis of variance (Sigma-Stat, Jandel
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Corporation), Differences were considered significant at P <
0.05.

RESULTS
Concentration compared with effect ¢f Tx3-4 on glulamaie release

Figure | shows the dose-dependent effect of Tx3-4 on glutamate
release evoked by 33 mM KCl. Concentrations of Tx3-4, ranging
from 0.16 to 16 nM, progressively decreased the KCl-evoked
release of glutamate from hippocampal synaplosomes, achieving
‘a maximal effect (approx. 759 inhibition) at 8.0 nM (Figure
lA). Up to 32 nM Tx3-4 was tested, with results identical with
those obtained for 8 and 16 nM, but for clarity these resuits are
not shown. The amount of accumulated glutamate release, as a
percentage of the control level, measured after 6§ min of in-
cubation with 33 mM KCl, was used to construct the concen-
tration-effect plot (Figure 1B). An IC,, of 1.6 nM was calculated
from the data shown in Figure 1(B), which corresponds to the
inflexion point of the curve,

Time-dependence of the eflect of Tx3-4

1n the experiments shown in Figure 1, Tx3-4 (8 nM) was added
30 min before stimulation with 33 mM KCl. To characterize the
time dependence of the toxin effect, preincubations of I, §, 15, 30
and 45 min with Tx3-4 were performed, followed by depolari-
zation with KCI (Figure 2A). The addition of Tx3-4 (§ nM}at 1,
5 or 15min before KCl caused approx. 50% inhibition of
induced glutamate release. However, lurther inhibition {up to
75°;) was observed only at incubations of 30 min or longer with
Tx3-4. The KCl-induced release of glutamate from rat cortical
synaptosomes has Cal*-dependent and Ca**-independent com-
ponents {10}, The latter can be measured in the presence of the
Ca®* chelator EGTA. The Ca®*-independent release evoked by
33 mM KCl is shown in Figure 2(A), as indicated (EGTA), and
corresponds to approx. 47°; of the total release. This is not
different from the K Cl-evoked release in the presence of 8 oM
Tx3-4 (P > 0.5) added up to 135 min before KCl. However, when
synaptosomes were preincubated for 30 or 45 min with Tx3-4,
the K Cl-evoked release was significantly smaller than that in the
presence of EGTA alone, suggesting an inhibition of the Ca®*-
independent component.

Ca’*-channel blocker co-conotoxin MVIIC does not inhibit Ca**-
independent gltamate release

Short-lerm incubation with Tx3-4 seems to block Ca?* channels
[18]; for comparative purposes we therefore tested the Ca*™
channel blocker w-conotoxin MVIIC in the same experimental
conditions as used for Tx3-4. w-Conotoxin MVIIC is able to
* inhibil compietely the Ca®*-dependent release of glutamate
evoked by KCI in synaptosomes [17,23]. Hippocampal synap-
tosomes were incubated for | or 30 min with w-conotoxin MVIIC
{1 pM) followed by the addition of 33 mM KCl {Figure 2A). a-
Conotoxin MVIIC was able to inhibit KCl-evoked release after
1 min of incubation, The inhibition was not different from that
in nominal Ca**-free medium (EGTA column; P > 0.05), how-
ever, no enhancement of the eilect was observed when the
preincubation period was extended to 30 min (Figure 2A).

Effect of Tx3-4 on glulamate uptake

Many lines of evidence suggest that the Ca**-independent release
of glutamate is due to the reversal of the glulamate carrier of the
plasma membrane [10,11,24). Tx3-4 inhibiled Ca**-independent
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Flgure 2 Tima-dependence of the effzct of Tx3-4 on release and uptake
ol glutamate

Synaptosomes and GPVs were prepared as descriied In the Experimental seclion. (A) The
releas® of glulamale Wiom synaptosomes preincupated with Tx3-4 (of ditleten pediods (1, 5,15,
30 or 45 min) before depolarizalion with KC1 (33 ,mM) was compared with control and against
synaplosomes preincubated with ca-conotoxin MVIIC (1 M) for 1 or 30 min. Ca®*-independent
glutamate release was measured In the presence of 2 mM EGTA, as Indicated. “Signilicant
dittersnce (P < 0.001) lram EGTA. (B) Synaptosomes were leil 1o take up L{*H]plwiamale lor
30 5 after being tieated with 8 oM Tx3-4 fos dilferent pesiods (1, 5. 15 of 30 min) or with -
canotexin MYIC (MVIIC) lor 1 or 30 min. **Significant dilference (£ < 0.05) trom Tx3-4 at
30 min, {C} GPYs were allowed to uplake L-{*M]glutamate lor 30 5 after being treated with B nM
Tx3-4 tar 30 min. Data are means + S.0. lor at least theee separale experiments. Abbreviation:
OHK, dihydrokalnate.

glutamate release; we therefore tested whether Tx3-4 could
inhibit the activity of the glutamate transporter in hippocampal
synaptosomes, Preincubation with Tx3-4 {8 nM) was able to -
inhibit t-[*Hjglutamate uptake by 36.9+12.5% at | min and
34.94 15.7% at 5 min of preincubation, and by 45+7.4%, and
63+9.4%, when the incubalion was extended to 15 and 30 min
respectively (Figure 2B). Under the same conditions, @-conotoxin
MVIIC (1 zM) did not have any effect on uptake at 1 or 30 min
of preincubation (Figure 2B).

GPVs possess a high capacity of glutamate uptake via GLT-
1 and GLAST glutamate transporters [21,25]. We therefore
investigated the effect of Tx3-4 on glutamate uptake in that
preparation. Figure 2(C) shows that Tx3-4 (8 nM) was able to
inhibit glutamate uptake in GPVs by only 9.59% after 30 min of
preincubation with the toxin. Dihydrokainate was able to de-
crease uptake by 70°; under the same conditions, showing that
the uptake was due to glial glutamate transporters [21,26].

Additive etiecis of Tx3-4 and EGTA on glutamale relsase

To test whether Tx3-4 was able to affect the component of release
that is independent of Ca™, synaptosomes were preincubated

@ 1999 Biochemical Sociely
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(A} Veratridine (VER: 10 uM) was incubaled with synaplosomes in the presence or absence
of EGTA (2 mM) 1z show thal veratridine-evoked release was malnly Ca®*-independent and
sensitive fo Tx3-4 (8 nM). (B) KCI- gr veratridine-evoked glutamate release in the presence of
EGTA (Ca’*-Independent rafease) was measused in Synaptosomes preincubated with 8 M Tx3-
4 for 1 mun {cokeon labelled a) or for 30 minwles (calumn labelled b). *Significan! dilference
{P < 0.05} Irom KCl + EGTA. Dalz are means + S.0. for al leasl thres Separate experiments.

with Tx3-4 (8 nM) flor 1 or 30 min, followed by the addition of
EGTA (2 mM} and then KC! (33 mM) or veratridine (10 M),

Veratridine is an alkaloid that binds to toxin site 2 of Na*
channels and induces Lhe release of glutamate from synaptosomes
[27]. However, the release evoked by veratridine is predominantly
Ca?*-independent. Veratridinc-evoked glutamate release was
slightly inhibited (approx. 159%) in nominally Ca**-free medium.
In contrast, it was inhibited by more than 60 % when synapto-
somes were preincubated with 8 nM Tx3-4 for 30 min (Figure
3A). Tx3-4 (8 nM)} inhibited KCI- or veratridine-evoked Ca®*-
independent glutamate release by 599%, and 64 % respectively
{Figure 3). As a control, synaptosomes were preincubated with
Tx3-4 for | min before the eddition of EGTA and KCI; the
result was not different from that with EGTA plus KCl alone
{Figure 3B),

Tx3-4 is not a competitive inhibitor of glutamate uptake

To characterize the inhibition ol glutamate transport by Tx3-4,
we analysed the transport kinetics in relation to the concentration
of glutamate. 1-[’H]Glutamate uptake was measured as described
above but in the presence of increasing concentrations of

© 1999 Biochemical Sociely
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Synaplosomes were lelt to take up L{H]glutamate kr 30 s in the presenca {O) of absence
{@) of Tx3-4. Tx34 (8 nM) markedly decreased the upiake of L|*H]plulamats independently
of the glutamale concentration n the Incubation medium. Dala are means for ai least thise
separate expacimsnts.

glutamate, from 14 xM (basal free glutamate) to 4 mM. Gluta-
mate uptake was plotted against increasing glulamate concen-
trations, in the presence (O) or absence (@) of Tx3-4 (Figure 4). -
In the presence of Tx3-4, glutamate uptake was markedly
inhibited, as represented by the lower curve, independently of the
glutamate concentration in the incubation medium. That suggests
a non-competitive relationship. The values obtained for K were
47.6 uM (control) and 40.0 xM (Tx3-4); those for ¥V, were
1.33 x 10° motecules/s (control) and 3.36 x 10° molecules/s (Tx3-
4). Thus the ¥, was decreased but the K, was essentially
unchanged, suggesting that the inhibition of glutamate uptake by
Tx3-4 does not rely on competition.

As a last control, to discard possible damage to the membrane
by Tx3-4, which could have resulted in a glutamate leakage, we
tested the integrity of synaptosomes by assaying the release of
lactate dehydrogenase in the presence of Tx3-4. There was no
difference between control and synaptosomes incubated with
8 nM Tx3-4 for | or 30 min (results not shown).

DISCUSSION :

During brain ischaemia, the Ca?*-independent accumulation of
glutamate occurs extracellularly in nerve tissue [28-31]. A better
comprehension of the mechanisms involved in this process is
important in establishing the therapeutic window and prospective
treatment procedures. Specific inhibitors of the glutamate carrier
could aid these studies.

Qur investigation started with the observation that the in-
hibitory effect of Tx3-4 on KCl-evoked glutamate release from
synaptosomes was enhanced when preincubalion with the toxin
was prolonged from 1 to 30 min. This finding suggested that
when Tx3-4 was preincubated for 30 min with synaptosomes, the
Ca-independent component of release was inhibited. This
observation extends previous reports that Tx3-4 can decrease the
K Cl-evoked Ca*-dependent (exocytotic) release after a 1 min
preincubation [17] and is reinforced by our finding that after
1 min of preincubation Tx3-4 had no effect on Ca**-independent
glutamate release (Figure 3B).

The Cat*-independent release of glutamate is thought to occur
via the reversal of the glutamate transporter of the plasma
membrane [10]. It was shown in astrocytes that the Ca*-
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independent release has a fast and a slow phase, when cells were
depolarized with 100 mM KCl[32], the first and transient release
being due to transporter reversal, and the second via an as-yet
uncharacterized anion channel. Concentrations of KC) lower
than 70 mM eclicited the transient transporter-mediated release
preferentially [32,33]. Because the anion channel involved in this
phenomenon has not yet been demonstrated in neurons, and the
concentration of KCl used in our experiments was 33 mM, we
assume that the Ca**-independent release observed in our con-
ditions, and clearly inhibited by Tx3-4, was mediated by the
glutamate transporter.

Ca**-channel blockers are used as tools 10 investigate neuro-
transmitter release mechanisms, w-Conotoxin MVIIC inhibits
the elevation of intracellular [Ca**]) and the Ca®*-dependent
glutamale release evoked by KCI [15,17,23]). However, there are
no reports of an effect of w-conotoxin MVIIC on the Ca®-
independent release of glutamate, We demonstrated, as expected,
that e-conotoxin MVIIC had no effect on L{*H]glutamate uptake
measured in hippocampal synaptosomes after 1 or 30 min of
incubation. Thus the impairment of glutamate uptake mediated
by Tx3-4 could not be related to its action on Ca?* channels.

Veratridine is a potent inducer of neurotransmitter release that
also evokes Ca**-independent glutamate release owing to an
increasc in intracellular [Na*] [34). Veratridine was therefore
used as a positive control to compare with the depolariza-
tion evoked by 33 mM KCl. Tx3-4 (8 nM) inhibited veratridine-
evoked release by approx. 659, in comparison with the 159
inhibition in Ca®-free medium (Figure 3A). Thus, because
veratridine depolarizes the membrane via a mechanism distinct
from that of KCl, an artifact related to the conditions produced
by depolarization with KCl, such as sweliing [35], was less
probable. )

Our analysis of the kinetic of glutamate transport in hippo-
campal synaptosomes yielded an apparent X, of 40 zM (Figure
4). This value is somewhat higher than that reported for
synaptosomes from other brain regions. In cortex slices the
apparent K is 3 uM [36], whereas in cerebellar synaptosomes
from GLAST-gene-inactivated mice the affinity is 10 «M [37].
The glutamate transporier EAAC) was reported to be the major
subtype found in hippocampal neurons [38]. In cultured cells,
this transporter has an apparent K, of 17 uM for glutamate
{39,40]. Again, this is a somewhat higher affinity than we
measured, but within the same order of magnitude. The IC,,
vatue obtaitied for the effect of Tx3-4 on KCl-evoked glutamate
release was 1.6 nM, whereas the IC, calculated for the inhibition
of Ca** influx in cerebrocortical synaptosomes was 7.9 nM [18].
Despite the fact that the experiments were performed in different
preparations, the calculated constants fall within a narrow range,
in agreement with our results, in which the effect of toxin on the
Ca**-dependent and Ca**-independent release occurs within the
same concentration range,

Although it was shown that | min of preincubation with Tx3-
4 was enough to decrease L-[>H]glutamate uptake by approx.
4094, the effect on Ca**-independent release was detected only
after preincubation for 30 min or more. This delay could be
required to decrease the synaptosomal glutamate content to a
critical level so as to impair release. In control conditions, after
| min of preincubation, synaptosomes are loaded with glutamate
to the same level as occurs at 30 min (approx. 80 nmol/mg of
protein; results not shown). If basal release is considered, the
glutamate content must be in a dynamic steady state in which
uptake equals spontaneous release. When uptake is blocked,
basal release continues, depleting the terminal of its glutamate.
The eflect of Tx3-4 on Ca**-independent release was therefore
probably linked to a decrease in synaptosomal glutamate content.

- W

In addition, owing to the high activity of glutamate transporters
{41,42], an inhibition of uptake greater than 60% might be
required to produce a significant impairment in the overall
function. That would explain why no irbibition of Ca**-in-
dependent release was observed after 1 min of preincubation
with Tx3-4, at a point at which uptake is already inhibited by
40%,.

These observations could reflect the heterogeneity and distinct
pharmacological sensitivity of glutamate transporters present in
synaptosomes [43,44) and cultured cells [45,46]. In fact, the
experiments performed with GPVs, which is a preparation rich in
GLAST and GLT-1, reinforce this view, because a ruch smaller
cffect of Tx3-4 was observed in comparison with synaptosomes;
this suggests that the toxin might have some specificity towards
one or more ncuronal types of glutamate transporter, such as
EAAC]!. To shed more light on these questions, further investi-
gation of the effect of Tx3-4 on isolated systems is necessary. The
toxin has been cloned by our group (L. Grossi, M. A. Romano-
Silva, M. A. M. Prado, M. V. Gomez and E. Kalapothakis,
unpublished work); future experiments are therefore aimed at
expressing Tx3-4 in virro and at producing variamis of the
peptide to gain a better understanding of its mechanism of
interaction and to identify its binding site.

In conclusion, the toxin Tx3-4 could be the starting point for
the development of more selective inhibitors of the glutamate
transport, which would have immediate application 1o research
and to potential therapeutic use in conditions in which decreasing
the activity of glutamate transporters could be beneficial,
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ABSTRACT: Volatile general anaesthetics are belisved to affsct
synaptic transmission, but their actions In the central nervous
system (CNS) remains unclear. Acstyicholine {ACh) is one ot the
most hnpartant neurotransmitter in tha CNS and thus, it Is
possible that its release could be one of the targets for volatile
anaesthetic action. Howaver, the effects of these agents on the
release of ACh are not yet fully understood. Rat brain cortical
slices were loaded with [PH]-choline in order to study the effect
of Isofiurane on the release of [°H]-ACh from this preparation.
Isoflurane (28, 43, 54, 95 and 182 nM) significantly increased the
basal release of PH]-ACh. This effect was independent of the
extracellular sodium and calcium concentration but was de-
creased by tetracaine and dantrolene, inhibitors of Ca**re-
tease from intracellular stores. These findings Indicate that
isoflurane may causa a Ca** releasa from intemal stores that
increases [PH]-ACh releass in rat brain cortical slices. © 2000
Eisavier Sclencs inc.

KEY WORDS: Anaesthetics volatile, Isofturane, ACh release,
Neurotransmitter, Brain cortical slices, Calcium intracellular re-
lease, Calcium interna) stores, Rat.

INTRODUCTION

An important component of volatile anaesthetic action appears to
be an ahieration of synaptic transmission in the central nervous-
system (CNS) through presynaptic and postsynaptic mechanisms
[14,18,29]. Therefore, one possible mechanism for an anaesthetic-
induced alteration of transmission is through a change in the
concentration of neurotransmitter in the synaptic cleft [14]. Thus,
the investigation of the effects of anaesthetics on the release of
neurotransetitters may provide information on the mechanisms
that contribute to the effects of these agents during anaesthesia,
Acetylcholine (ACh) is one of the most studied neurotransmit-
ters and some in vive observations have suggested that cholinergic
transmission may be 2 target for anaesthetic action [3,32). How-
ever, conflicting results have been obtained in in vitro studies.
Thus, a significant inhibition of potassium-stimulated release of
ACh by halothane from rat brain synaptosomes [16] and cortical
slicas [13] has been reported. On the other hand, no effect on the
telease of ACh induced by high concentration of potassium was
observed in the presence of halothane, enflurane and methoxyflu-
rane in a rat brain slice preparation {1,2]. In addition, little effort

has been made to evaluate the effects of isoflurane, one of the most
widely used volatile anaesthetics, on the ACh release from an in
vVitro preparation.

In a recent investigation we observed that halothane increased
the basal release of [’H]-ACh from rat brain cortical slices and this
appeared to be related to release of calcium from intracellular
stores [12]. Therefore, the aim of the present work was to inves-
tigate the potential effect of isoflurane on the basal release of
[’H]-ACh from rat brain cortical slices.

MATERIALS AND METHODS

Drugs and Solutions

The incubation medium used contained 136 mM NaCl, 2.7 mM
KCl, 1.8 mM CaCl,, 5.5 mM glucose, 10 mM Tris base, and 20
uM diethyl B-nitrophenyl phosphate (Paraoxon; Sigma Chemical
Co., St. Louis, MO, USA) was added to prevent hydrolysis of
[*HJ-ACh. The final pH was adjusted to 7.4. The Ca*" free

solution was prepared by removing CaCl, and adding 2.0 mM'

ethyleneglycol-bis-(B-aminoethyl ether) N,N,N’,N’.tetraacetic
acid (EGTA). Isoflurane was obtained from Rhone Poulenc Chem-
jcals LTD. (England). Tetracaine, tetrodotoxin, cadmium and dan-
trolene were obtained from Sigma Chemical. The n-heptane chro-
matography grade was obtained from Merck Darmnstadt
(Darmstadt, Germany). All other chemicals and reagents were of
analytical grade.

[PH]-ACh Release

Adult Wistar rats (200~250 g) of either sex, treated according
to a local ethics committee, were decapitated and had their brains
removed. Slices of cerebral cortex (0.5 mm) were obtained using
a Mcllwain Tissue Slicer (Brinkman Instruments Inc., UK). The
brain cortical slices were weighted {40 mg) and then placed into
the incubating medium,

The release of [PH}-ACh into the incubating Ruid was studied
after labelling the tissue ACh with [methyl->Hlcholine chloride
(78 Ci/mmol; Amersham Searle), as previously described [5,10].
Briefly, endogenous ACh stores were first depleted by incubation
at 37°C for 15 min in high-K* (50 mM) salt medium (3.0 mi) and
the slices were separated from the incubating medium by centrif-

* Address for correspondence: R. S. Gomez, Departamento de Cirurgia, Sala 4000-Faculdade de Medicina da UFMG, Avenida Alfredo Balena, 1950 CEP:
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ugation (5000 X% g for 10 min). To load the brain cortical slices
with [°’H]-ACh, they were incubated in salt medium for 30 min
(37°C) with 0.11Ci ml~! of [methyl-*H]-choline (free of choling
carrier). The slices were then separated from the incubating Auid
by centrifugation (5000 X g for 10 min) followed by two washes
with a medium containing 1.0uM choline.

Administration of Isoflurane

Isoflurane was administered as previously described [12].
Briefly, 10 ml of incubating medium was equilibrated with liquid
anaesthetic (100, 200, 300, 400, 800 or 1600 pl) at 37°C in
Teflon-capped glass vials for 30 min. Subsequently, 500 ul of
stock, anaesthetic-saturated solution was added to 1.0 ml of the
incubation medium with a glass syringe, The vial was immediately
capped, mixed and incubated for 5 min.

Measurement of [*H]-ACh Release

Aliquots (300 pl) of the samples were counted for radioactivity
by liquid scintillation spectrophotometry using a Packard spectro-
photometer. On each group of experiments, [*H}-ACh and [*H]-
choline were separated from the supernatants by the choline kinase
method [9,28). [*H]-ACh represented about 65% of the total
radioactivity released in all set of experiments. Confirming this
data, the same magnitude of *H efflux induced by isoflurane was
also obtained whem paraoxan was replaced by 10uM hemicho-
linium-3 (HC-3), suggesting that accumulation of ACh due to
cholinesterase inhibition was not altering the release of transmitter
(data not shown).

Measurement of Agqueous Isoflurane Concentrations

The satmration of the stock solution and the agueous concen-
tration of isoflurane in the incubating medium after a 5-min incu-
bation were confirmed by n-heptane extraction and measurement
by gas chromatography using a Hewlett Packard Series 11-5890 gas
chromatograph [31].

Statistical Analysis

Results are presented as mean + SEM. Differences between
means were determined by analysis of varfance and multiple
comparison tests. A value of p < 0.05 was considered significant.
The ICs, value was obtained by using the Sigma Plot softwarg_
{(Jandel Scientific),

RESULTS

In the first set of experiments, the effect of isoflurane on the
basal release of [*H]-ACh from rat brain cortical slices was inves-
tigated. Figure 1 shows that isoflurane (28, 43, 54, 93 and 182 nM)
increased significantly the basal release of [*H]-ACh (p < 0.05).
The release of [*H]-ACh was linear up to the concentration of 54
nM (Fig. 1} and 5 min of incubation (data not shown). Thus, we
used 54 nM isoflurane during 5 min of incubation for the next
group of experiments.

In the second set of experiments, we investigated the mecha-
nism(s) by which isoflurane could change the basal release of
[*H])-ACh. Thus, we evaluated whether the release of [*H]-ACh in
brain cortical slices induced by isoflurane is dependent on the
presence of extracellular Na™ or Ca®* and did involve the entry of
Ca?* by calcium channels. To test this possibility, the slices were
incubated for 15 min in the absence or presence of 0.5 uM
tetrodotoxin (a sodium channel blocker) [24], 2.0 mM EGTA (no
caleium added to the medium) or 100 uM Cd** (nonspecific
blocker of calcium channels) [8]. Thereafter, the slices were incu-
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FIG. 1. Effect of isoflurane on the release of [*H]-acetylcholine (ACh} in
rat brain cortical slices. Brain cortical slices (40 mg) loaded with [*H]-
choline were preincubated for 5 min in $alt medium in the absence
{control) ot in the presence of isoflurane at a concentration of 14, 28, 43,
54, 95 or 182 nM, respectively. Values are mean * SEM, from five
experiments performed in duplicate. For other details, see text.

bated for 5 min in the sbsence or presence of 54 nM isoflurane.
Fipure 2 shows that these agents failed to afiect the release of
[PH}-ACh evoked by isoflurane.

We also examined whether the isoflurane-induced release of
[H]-ACh in brain cortical slices was sensitive to drugs that affect
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FIG. 2. Effect of tetrodotoxin, EGTA or Cd** on the release of [H)-
acetylcholine (ACh) in rat brain cortical slices. Brain cortical slices (40
mg) loaded with [*H]-choline were preincubated for 15 min in salt medium
in the absence of in the presence of tetrodotoxin (0.5 uM), EGTA (2.0
mM) or Cd®* (100 pM) and then incubated for 5 min in the absence or
presence of isoflurane (54 oM). The experiments with EGTA were per-
formed in a calcium free medium. Values are mean * SEM, from five
experiments performed in duplicate. For other details, see text. *p < .05
vs. the value without isoflurane.
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FIG, 3. Effects of tetracaine on the release of [‘H]-aoetylcho]ine (ACh} in
rat brain cortical slices. Brain cortical slices (40 mg) loaded with ['H]-
choline were preincubated for 15 min in salt medium in the absence
(control) or in the presence of tetracaine (50 or 50 M) They were then
incubated for 5 min in the absence (control) or presence of isoflurane (54
nM). Values are mean * SEM, from five experiments performed in
duplicate. For other details, see text. *p < 0.05 vs. control. **p < 0.05 vs.
isofiurane value.

intracellular calcium homeostasis. Thus, brain cortical slices were
preincubated for 15 min in the absence or presence of 50 and 500
uM tetracaine, a blocker of calcium release from intraceflular
stores [15,25,27], or dantrolene (0.1-100 M), a blocker of Ca**
release from ryanodine-sensitive stores [21,26,34]. Thereafter, the
stices were incubated for 5 min in the absence or presence of 54
oM isoffurane. Figure 3 shows that 50 and 500 pM tetracaine
decrea-cd by 73.45 = 1.7% and 66.4 * 4.5%, respectively, the
isoflurnne evoked release of [*H]-ACh (stimulated minus basal
release) (p < 0.05). Dantrolene did not affect the basal release of
[*H]-ACh (data not shown) but caused a dose-dependent reduction
in volatile anaesthetic evoked ACh release (Fig. 4, p < 0.05). The
IC., for dantrolene to inhibit [*H]-ACh evoked release by isoflu-
rane was 6.7 uM (Fig. 4).

—

DISCUSSION

We have demonstrated that the volatile general anaesthetic
isoflurane produced a dose-dependent increase on the basal release
of [>H]-ACh from rat cerebral cortex due to an interference with
intracellular calcium homeostasis, This observation strengthens the
assumption that these agents increase the release of calcium from
internal stores.

There have been extensive efforts to characterize the mecha-
nism of action of volatile anaesthetics, but their molecular and
cellular actions are still a matter of debate. One possible conse-
guence of volatile anaesthetic action is to alter presynaptic activity
and the release of neurctransmitters [(4]. ACh is one of the most
important neurotransmitters in the CNS, however, few studies of
the effects of volatile anaesthetics on the release of this transmitter
have been performed. Moreover, there is litlle agreement between
the studies observed in the literature. Thus, there are some studies
showing that the volatile anaesthetic halothane decreases the po-
tassium-evoked ACh from rat cortical synaptosomes and rat cor-
tical slices [13,16]. In addition, isofurane and sevoflurane have
been show to suppress, in vive, ACh release from rat cerebral
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FIG. 4. Effects of dantrolene concentration on the release of [*H)-acetyl-
choline {ACh) in tat brain cortical shices. Brain cortical slices (40 mg)
loaded with [*H]-choline were preincubated for 15 min in salt medium in
the absence (control) or in the presence of dantrolene at the indicated
concentrations in abscissa. They were then incubated for 5 min in the
presence of isoflurane (54 nM). The release of [*H]-ACh induced by
isoflurane (54 nM) in the absence of danuolene (0% inhibition) was 76.3 =
5.2 dpm/mg of tissue. Values are mean *+ SEM, from five experiments
performed in duplicate. For other details, see text.

cortex [32]. However, halothane, enflurane and methoxyflurane, at
concentrations of 1.25%, 3% and 0.2%, respectively, were re-
ported to have no effect on ACh release from a rat brain slice
preparation [1,2]. It was recently demonstrated that halothane did
not alter the electrical-stimulated release of [PHI-ACh from rat
brain cortical slices, but it increases the basal release of [*’H]-ACh
[12]. In addition, Taguchi and colleagues demonstrated that halo-
thane increases ACh release from the midbrain interpeduncular
nucleous of rats during anaesthesia [33].

In the present study we observed that 14 nM isoflurane had no
effect on the basal release of [H]-ACh. However, higher concen-
trations of isoflurane (28, 43, 54, 95 and 182 nM) significantty
increased the basal release of ["H)-ACh. Relating these concen-
trations to those that might be achieved in wivo we observed that
they were lower (0.046 MAC, 0.093 MAC, 0.143 MAC, 0.186
MAC, 0,316 MAC and 0,606 MAC) than that used clinically and
in the experiments with isofiurane in vivo (0.5 MAC, 1.0 MAC and
1.5 MAC) [32]. However, as discussed by Eckenhoff and Johan-
sson, although clinically relevant concentrations of anaesthetic are
jmportant to examine the integrated responses in the intact animal,
their relevance to in vitro studies should be taken with care due to
our lack of understanding how to integrate in vitro systems into the
anaethesia model (7).

There is a distinct dependence of sodium and calcium ions on
the release of ACh induced by different stimuli. In fact, the release
of ACh evoked by high concentrations of potassium is decreased
in the absence of calcium [30,37]. On the contrary, the electrical-
stimulated release of ACh is Na* and Ca®* dependent and is
inhibited by tetrodotoxin and the absence of calciem [22,30,37).
We demonstrated that EGTA, Cd®* or tetrodotoxin did not sig-
nificantly affect the basal or isnfvrane-induced ACh release. Thus,
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the release of [*H]-ACh in rat brain cortical slices induced by
isoflurane is independent of the presence of extracellular Na* or
Ca®* and did not involve the entry of Ca®* by calcium channels.

" Volatile anaesthetic agents have been shown to increase intra-
cellular Ca?* concentration ([Ca®*]i) due a release of calcium
from internal stores in many cell types {6,20,36]. In addition, this
increase in [Ca®*]i in neurons may alter signalling pathways that
influence neurctransmission. Kindler and colleagues demonstrated
that isoflurane increases basal {Ca®*]i in rat cortical brain slices in
a dose-dependent manner [17]. They also showed that this effect of
isoflurane occurred due a release of calcium from intracellular
stores since that it was not altered by calclum channel blockers or
a calcium-free medium, but was significantly reduced by azu-
molene, a calefum-release inhibitor from internal stores. In addi-
tion, it has been demonstrated that the volatile anaesthetic halo-
thane increases [Ca®*Ji in SN56 cells (a cholinergic cel! {ine) [4]
by increasing the release of Ca®>* from an intracellular storage site
[L1]. Qur results showing a significant inhibition of isoflurane
induced release of [*H]-ACh by tetracaine and dantrolene also
suggests the involvement of intracellular calcium stores in cholin-
ergic neurons that are able to supply calcium for transmitter release
independently of the presence of extracel{ular calcium or influx of
this ion by calcium channels.

Presyuaptic nicotinic receptors are believed to play a major role
in chelinergic neurotranmission [35]. The activation of nicotinic
receptors mediates ACh basat outflow; however, these receptors
easily desensitize on exposure to agonists. It was also demon-
strated that this desensitization was prevented by lowering the
extracellutar calcium or chelation of internal Ca?* [19]. Further-
more, it has also been demonstrated that ethanol modulates the
neuronal nicotinic ACh receptor [23]. Aithough this was not the
aim of the present study, we can not ruled out a possible action of
isofturane on nicotinic receptor. In fact, we can speculate that the
increase of [*H)-ACh release induced by isofturane, which was
rapidly saturable occurs due to a desensitization of the nicotinic
receptor by the release of calcium from internal stores. However,
further investigations are necessary to explore this point.

In summary, we have demonstrated that isoflurane alters intra-
cellular calcium homeostasis in cholinergic neurons accounting for
the ACh release induced by this volatile anaesthetic from rat brain
contical slices,
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Relatorio Técnico final relativo ao projeto CBS 931/97

Coordenador Marco Antonio Maximo Prado

Esse projeto estuda a modulagdio da transmissdo sinaptica por canais idnicos,
armazenagem do neurotransmissor, € o trafego de proteinas e membranas em células
Nervosas.

Como ponto positivo em relagdo ao projeto considero a compra do material permanente,
principalmente camera CCD e software para aquisi¢do e anilise de imagens. Esse
material ja se encontra em uso constante no laboratorio de Neurofarmacologia.

O uso da desse equipamento permitiu a obtengdo de imagens a0 mesmo tempo em que
células foram estudadas com a técnica de whole-cell patch-clamp. Essa técnica foi
portanto fundamental para a realizacdo de varios experimentos pois permite obter dados
eletrofisiologicos a0 mesmo tempo que obtemos imagens.

Como principal ponto negativo do mesmo considero o corte pela FAPEMIG de recursos
na ordem de R$ 2.300,00 (Em projeto de US$ 54.000,00) para a compra de material de
consumo nacional, dinheiro que seria utilizado em grande parte para a compra de P

Esse corte inviabilizou todos os experimentos de fosforilagdo do transportador vesicular
de acetilcolina, pois nio tivemos outros recursos aprovados para a compra deste material
em tempo habil. Sendo essa area de pesquisa extremamente competitiva, e levando-se em
conta que nds fomos os primeiros a demonstrar que o transportador € fosforilado
(Barbosa Jr. et al, 1997), foi com grande pesar que tivemos de parar com esses
experimentos, E grave o fato pois varios dos experimentos programados foram feitos pelo
grupo do Prof. R. Edwards e portanto atualmente ndo temos mais condigdo de competir
com 0 mesmo para publicagdo sobre fosforilagdio do transportador vesicular de
acetilcolina. Portanto, recentemente dois trabalhos foram publicados estudando a
fosforilagdo do transportador vesicular de acetilcolina, no Journal of Cell Biology, e
Journal of Biological Chemistry, por Krantz et al., 2000; ¢ Cho et al., 2000 confirmando
as observagdes originais feitas pelo meu grupo (Barbosa Jr. et al, 1997) e
complementado varios aspectos que tinhamos a intengéio de ter estudado.

Portanto, considero-me descompromissado em relagdo aos aspectos de fosforilagdo do
transportador vesicular de acetilcolina contidos originalmente no projeto aprovado pela
FAPEMIG.

Vale salientar que embora o numero de publicagdes ndo tenha tido um aumento
expressivo, o indice de impacto dos periodicos que publicamos nossos trabalhos em
1999-2000 tem sido na sua maioria entre 3 ¢ 4. Portanto, a qualidade das publicagdes foi
acentuadamente aumentada gragas ao auxilio FAPEMIG. -

Produgdo cientifica 1997-2000

u 1{1?9’-

Different Effects of Reducing Agents on w-conotoxin GVIA Inhlbmon of f’l‘l] i’
Acetylcholine Release from Rat Cortical Slices and Guinea-Pig Myenteric Pkexus TAA

o



