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Distinct Protein Kinases Regulate SNAP-25
Expression in Chromaffin Cells
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The contribution of distinct Ca?*-sensitive protein kinases
to the regulation of the expression of the synaptosomal-
associated protein SNAP-25 was examined in bovine chro-
maffin cells. Prolonged incubation with high K™ (38 mM) or
1,1-dimethyi-4-phenyl-piperazinium (DMPP), a nicotinic re-
ceptor agonist, significantly increased SNAP-25 protein
and mRNA expression, as assessed by immunoblotting
and semi-quantitative RT-PCR analysis. Both stimuli pref-
erentially enhanced mRNA coding for the SNAP-25a iso-
form. Increase of SNAP-25 expression induced by K* or
DMPP was inhibited over 70% by KN-62 and KN-93, two
Ca**/calmodulin-dependent protein kinase (CaMK) inhibi-
tors, whereas the inactive analogue KN-92 only reduced
the expression by 34%. The three compounds also inhib-
ited the high K™ -elicited [Ca®*]; signal by 40%, suggesting
that the effect of KN-62 and KN-93 was a combination of
CaMK/ Ca®" influx inhibitory actions. Incubation of the cells
with mitogen-activated protein kinase (MAPK) inhibitors
PD98059 and U0126 reduced protein expression elicited
by high K™ by 50%, but did not modify the response to
DMPP. Interestingly, although protein kinase A (PKA) inhi-
bition by H-89 did not affect the high K™ or DMPP-induced
SNAP-25 expression, basal protein levels were significantly
modified upon activation or inhibition of this pathway. Basal
expression of SNAP-25 was also modified by the protein
kinase C (PKC) activator, phorbol 12-myristate 13-acetate,
but not by G66976, a PKC-« inhibitor, suggesting that the
Ca”"-insensitive PKC-¢ isoform control basal expression of
SNAP-25 in these cells. Taken together, these results pro-
vide the first evidence that diverse protein kinases might
converge in the induction of SNAP-25 expression in chro-
malffin cells. The preferential contribution of one or another
kinase would depend on the physiological or experimental
conditions. © 2002 Wiley-Liss, Inc.
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In neurons and neuroendocrine cells, elevations in
the concentration of intracellular calcium ([Ca*"]) in
response to different stimuli can trigger diverse and im-
© 2002 Wiley-Liss, Inc.

portant cellular processes including neurotransmitter re-
lease, differentiation, apoptosis and neuronal plasticity.
Long-term neuroplasticity is supported by changes in the
expression levels of diverse functional proteins (i.e., mem-
brane receptors, biosynthetic enzymes and peptide precur-
sors). These changes in protein levels, which become
significant after hours or days of stimulation (Hiremagalur
et al., 1993; Bessho et al., 1994; Hiremagalur and Sabban,
1995), could be a consequence of the activation of gene
transcription, the stabilization of messenger RNA
(mRNA) or the reduction in the rate of protein degrada-
tion. All these events can be also controlled by changes in
[Ca* 7],

An example of the diversity of Ca®* -mediated func-
tions can be observed in chromaffin cells from adrenal
medulla, a neuroendocrine cell type employed for many
years as an experimental model to explore the exocytotic
process. In these cells, the increase of [Ca®"]; elicited by
K" -depolarization or cholinergic receptor activation not
only evokes catecholamine secretion but also modulates
the expression of several essential proteins, including neu-
ropeptide precursors, enzymes involved in the biosynthesis
of catecholamines, and proteins forming part of the exo-
cytotic machinery such as the synaptosomal-associated
protein of 25 kDa, SNAP-25 (Stachowiak et al., 1990;
Craviso et al., 1992, 1995). Reegarding this last protein, its
expression is tightly upregulated by a [Ca®"]; rise in chro-
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maffin cells (Garcia-Palomero et al., 2000a), as occurs in
many neuronal cell types; i.e., hippocampal neurons, pi-
tuitary cells, granule cells of the dentate gyrus and PC12
cells (Rooberts et al., 1998; Sepulveda et al., 1998; Aguado
et al., 1999; Marti et al.,, 1999; Lee et al., 2000). On the
other hand, decreased expression levels of SNAP-25 have
been detected in brain of patients with Down syndrome,
Alzheimer’s disease, or schizophrenia (Young et al., 1998;
Greber et al., 1999). Despite the crucial and well-known
role of SNAP-25 in the exocytotic event, the signaling
pathways underlying the regulation of the its expression in
basal or stimulated conditions remain poorly understood.

Reeportedly, distinct Ca®" -activated kinase signaling
cascades may regulate protein expression. These mecha-
nisms include phosphorylation of transcription factors that
activate gene expression (Bading et al., 1993; Bito et al.,
1996; Impey et al., 1998), mRNNA stabilization (Kaldy and
Schmitt-Verhulst, 1995; Lee and Malek, 1998; Park et al.,
2001) and protein phosphorylation, which reduces protein
degradation (Pasinelli et al., 1995; Dass and Mahalakshmi,
1996; Musti et al., 1997; Turner et al., 1999; Ishida et al.,
2000). In hippocampal neurons, Ca®" -calmodulin kinase
(CaMK) [V, protein kinase A (PKA) and mitogen-
activated protein kinase (MAPK) pathways regulate gene
expression by promoting the phosphorylation of the tran-
scription factor CREB, the cyclic AMP-responsive ele-
ment binding protein (Bito et al., 1996; Impey et al,
1998). In PC12 cells, both protein kinase A (PKA) and
protein kinase C (PKC) have been implicated in the
nicotine activation of tyrosine hydroxylase and chromo-
granin A gene expression, respectively (Hiremagalur et al.,
1993; Tang et al., 1997). Therefore, it seems likely that the
involvement of a protein kinase in the expression of a
particular protein depends on the cell type, the protein
studied or the stimulus used.

In this study, using immuncblotting, reverse tran-
scription followed by polymerase chain reaction amplifi-
cation (RT-PCR), [Ca®"], recordings and selective pro-
tein kinase inhibitors, we have investigated the signaling
pathways that regulate SNAP-25 expression in bovine
chromaffin cells in basal conditions or upon stimulation
with different secretagogues.

MATERIALS AND METHODS
Cell Culture and Treatments

Bovine adrenal chromaffin cells were isolated following
standard methods (Livett, 1984), with some modifications
(Moro et al., 1990). Cells were suspended in Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal
calf serum, 50 IU/ml penicillin and 100 pg/ml gentamicin.
Cells (1.2 X 107) were plated on plastic culture dishes (10-cm
diameter) at a density of 10 X 10° cells/ml. In the case of
cytosolic Ca®" experiments, cells were plated on glass coverslips
(25-mm diameter) at a density of 2.5 X 107 cells/ml. Cells were
kept in a water-saturated incubator at 37°C, in a 5% CO,/ 95%
air atmosphere. To activate SNAP-25 mRINA or protein ex-
pression, cells were incubated with 38 mM KCl or 20 pM 1,1
dimethyl-4-phenylpiperazinium (DMPP) during 24 hr or 48 hr,
respectively, as described previously (Garcia-Palomero et al.,

2000a). To obtain a final concentration of 38 mM KCI, 2 ml of
an osmotically balanced stock high-K™ solution (170 mM KCl,
0.9 mM CaCl,, 1.3 mM MgCl,, 10 mM HEPES, pH 7.4) were
added to 8 ml of DMEM. Controls, non-stimulated cells, were
manipulated as experimental cells, but were incubated in a
medium in which high KCl was replaced with NaCl. To
evaluate the effect of protein kinase inhibitors, cells were incu-
bated with KN-62, KN-93, KIN-92, PD98059, H-89 (all from
Calbiochem, Darmstadt, Germany) or U0126 (Promega, Mad-
ison, WI) 15 min before and during the entire stimulation
period with K* or DMPP. For experiments with G66976
(Calbiochem), cells were incubated with this inhibitor 1 hr
before and during the entire stimulation period. To determine
the effect of PKC or PKA activation on SNAP-25 levels, cells
were incubated with phorbol 12-myristate 13-acetate (PMA),
dibutyryl-cAMP (db-cAMP), 1,9 dideoxyforskolin or forskolin
(all from Sigma, St. Louis, MO) during 48 hr.

Immunoblot Analysis

Equal amounts of cell lysate proteins (typically 40 pg total
proteins) were separated by polyacrylamide gel electrophoresis
using the Laemmli buffer system (Laemmli, 1970). Proteins were
transferred electrophoretically to nitrocellulose membranes by
standard procedures. Membranes were incubated for 2 hr with a
monoclonal anti-SNAP-25 antibody (Sternberger Monoclonals
Inc.), diluted 1:1,000 in Tris-buffer solution (NaCl 150 mM,
KCl 2.8 mM, Tris-HCI 25 mM, pH 7.4}, at room temperature.
A monoclonal antibody against B-actin (1:1,000; Sigma) was
also used as internal control in all experiments to make sure that
equal amounts of protein were charged and transferred to the
membrane. After washing, membranes were incubated for 1 hr
with a secondary antibody labeled with horseradish peroxidase
and revealed using the enhanced chemiluminescence detection
system (Pierce, Rockford, IL). To compare changes in the
expression of SNAP-25, the autoradiographs were scanned;
density and area of each band were determined with the NIH
Image 1.6 program (Garcia-Palomero et al., 2000a). The rela-
tionship between different amounts of SNAP-25 and the area of
each band given by the software gave a comelation index of
0.989 (data not shown).

Intracellular Ca®’t Measurements

Variations in [Ca®>*]; were determined by microfluorom-
etry, as described previously (Cérdenas et al., 2002). Cells plated
in coverslips were incubated with 10 pg/ml Indo-1 acetoxym-
ethylester (Molecular Probes, Eugene, OR) at 37°C for 40 min,
and later washed with Krebs-HEPES (pH 7.4). The coverslips
were then mounted in a perfusion chamber, which was placed
on the stage of a fluorescence-inverted microscope (Diaphot-
200, Nikon Corp.) equipped with two dichroic mirrors. One
dichroic mirror was used to send the excitation light (355 nm)
to the cells and the fluorescent light emitted by Indo-1 inside the
cells (>>400 nm) to the second mirror. The second dichroic
mirror was used to split the fluorescent light into beams of light
centered at 410 and 485 nm, respectively. The intensity of the
light at each wavelength was measured continuously using two
photomultipliers, and the analog signal was digitized using an
A/D converter board (Labmaster, Micro Systems) installed in a
dedicated PC compatible computer. Digital data was captured
and stored in the hard disk for analysis. A computer program



calculated the F410/F485 ratio and yielded the corresponding
[Ca®*]; from a calibration curve obtained using a calcium cali-
bration buffer kit (Molecular Probes)

RT-PCR Analysis

Total RINA was extracted from cultured bovine adreno-
medullary chromaffin cells, as described previously (Garcia-
Palomero et al., 2000b), using the Ultraspec RINA isolation kit
(Biotecx Laboratories, East Houston, TX). cDNA was synthe-
sized from 1 pg of total RNA using the Moloney murine
leukemia virus (M-MLV) reverse transcriptase (Gibco/BRL).
The PCR was carried out in 50 p] of reaction sample containing
cDNA (corresponding to 10-50 ng of total RNA}, 10 pmol of
each oligonucleotide primer, 200 pM of dNTP and 2.5 U of
Taq polymerase (Qiagen, Hilden, Germany). The PCR reaction
was carried out using 28 cycles (denaturation at 94°C for 45 sec,
annealing at 60°C for 60 sec, and elongation at 72°C for 60 sec),
followed by an additional polymerization at 72°C for 120 sec.
Three different products were amplified, using specific primers
based on the nucleotide sequence of the rat SNAP-25, accord-
ing to Grant et al. (1999). The first product (559 bp), corre-
sponding to the cDNA coding for both SNAP-25 isoforms and
referred to as “total SNAP-25" was amplified with a forward
primer on exon 2 and a reverse primer on exon 7/8. For the
isoform-specific PCRs, amplified products corresponding to the
SNAP-25a or SNAP-25b isoforms (both with a size of 202 bp)
were obtained by replacing the above reverse primer with the
exon 5a or exon 5b, respectively. The following set of primers
(from 5'—3') were used; numbers in brackets indicate the acces-
sion number of the sequence: Total SNAP-25 [AB0039%91]
exon 2, forward: 5'-AGGACGCAGACATGCGTAATG-
AACTGGAGG-3', exon 7/8, reverse: GTTGGAGTCAGC-
CTTCTCCATGATCCTGTC; SNAP-25a [AB003991] Exon
Sa, reverse: TTGGTTGATATGGTTCATGCCTTCTTC-
GACACGA; SNAP-25b [AB003992] Exon 5b, reverse:
CTTATTGATTTGGTCCATCCCTTCCTCAATGCG. For
semi-quantitative analysis of SNAP-25 mRNA, RT-PCR am-
plification of mRINA corresponding to B-actin was carried out
routinely in parallel as an internal control of messenger quality
and quantity. Primers selected for the amplification of B-actin
from bovine chromaffin cells were designed from the nucleotide
sequence of human [B-actin; numbers in brackets indicate ac-
cession number (before} and initial position of the primer (after)
the sequence: [X00351]. Forward: AACGGCTCCGGCAT-
GTGC (75); reverse: GGTCTCAAACATGATCTGGG (419).
In addition, RT-PCR carried out in the absence of M-MLV
reverse transcriptase was used in all cases to rule out a potential
contamination of genomic DNA. PCR samples were run on a
1.5% agarose gel, using a 100-bp DNA ladder as molecular
weight marker (Biotools, B&M Labs, Spain). The product am-
plified from total SNAP-25 was extracted from the gel using the
Geneclean Kit (Qiagen), according to the manufacturer’s in-
structions. Sequencing of this product was carried out using the
Big Dye method and the automatic sequencer ABI PRISM 377
(Perkin-Elmer). To determine changes in the expression of
mRINA SNAP-25, the density and area of each band of the
SNAP-25 PCR products were analyzed with the NIH Image
1.6 program and values were normalized to the densitometric
values of the corresponding B-actin PCR. products. It is note-
worthy that under the above experimental conditions, the num-
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ber of PCR. cycles was selected so that in all cases, the amplified
signals are in the dynamic range (not saturated).

Data Analysis

Values of protein expression induced by high K* or
DMPP were expressed as mean £ SEM of the relative incre-
ment of SNAP-25 expression in stimulated cells compared to
non-stimulated cells (considered as the unit). In the case of
experiments assaying the effects of kinase inhibitors, data were
exfressed as percent of blockade of the response elicited by high
K™ or DMPP (referred as 100%), and they represent the mean *
SEM values obtained in different batches of cells. The statistical
significance of the differences was evaluated using one-way
ANOVA. A level of P < 0.05 was considered statistically
significant.

RESULTS

Effects of CaMK Inhibitors on SNAP-25
Expression Induced by High K* Depolarization of
Chromaffin Cells

Two CaMK inhibitors, KIN-62 and KN-93, were
used to evaluate the role of this Ca®*-activated protein
kinase in the control of SNAP-25 expression elicited by
depolarization of chromatfin cells. Both compounds act as
CaMEK-II inhibitors (Niki et al., 1993), although they also
interfere with other CaMK isoforms (Bito et al., 1996).

Depolarization of cells with high KCl, as described in
Methods, increased the SNAP-25 protein levels by 2.5 &
0.4-fold (n = 7, P < 0.01) referred to control non-
stimulated cells (Fig. 1A). Inset of Figure 1A shows a
typical immunoblot of SNAP-25 protein expression
(25 kDa) using B-actin (42 kDa) as internal control.
Changes in the protein expression were also observed at
the mRNA level, as assessed by semi-quantitative analysis
of PCR products corresponding to total SNAP-25
mRNA in control or stimulated cells (Fig. 1B). Results
also indicated that although both isoforms of SNAP-25 are
expressed in basal conditions, mRINA encoding for the
SNAP-25a isoform in particular seems increased upon
depolarization (Fig. 1B). The densitometry analysis of the
PCR products revealed that cell depolarization increased
SNAP-25a mRNA levels by 1.8 £ 0.13-fold (P < 0.01)
referred to non-treated control cells (Fig. 1C).

Incubation of cells with KIN-62 (10 pM) or KN-93
(10 wM) inhibited the increase in SNAP-25 expression
induced by depolarization by 70 = 9% (n = 7) and 88 *
11% (n = 5), respectively (Fig. 2A). These results were
compared to those obtained in the presence of KN-92
(10 pM), a structural analogue of KN-93 that does not
have inhibitory activity on CaMK. Although KIN-92 re-
duced the protein expression induced by high K* by34 =
10%, this effect was significantly lower than that obtained
with KN-93 (P < 0.01) and KN-62 (P < 0.05). Figure 2B
shows a representative immunoblot of these experiments.
It should also be mentioned that the incubation of chro-
maffin cells with these compounds during 48 hr did not
affect the basal levels of SNAP-25 (data not shown).

The inhibitory effect of KN-93 on protein expres-
sion was also observed at the mRINA level. Thus, whereas
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Fig. 1. Depolarization increased SNAP-25a isoform in bovine chro-
maffin cells. Cells were incubated for 24 hr (for mRINA analysis) or
48 hr (for protein analysis) in control conditions or in the presence of
38 mM KCl. A: Relative increment of SNAP-25 protein expression
observed in cells treated with high K, compared to non-stimulated
control cells. Data are mean * SEM values obtained in seven different
batches of cells. **P << 0.01. The inset shows a representative immu-
noblot of the SNAP-25 (25 kDa) and B-actin (42 kDa) protein expres-
sion levels in control (C) or in depolarized cells (K*). B: Relative
expression of mRINAs corresponding to “total SNAP-25" or its iso-
forms, in control or K+-depolarizcd chromaffin cells. mRINA levels
were determined by semi-quantitative RT-PCR analysis, using 3-actin
mRNA as internal control. Total RNA was extracted from each cell
barches, then RT and parallel PCRs were carried out using selective
primers. Aliquots (20 ul) of each PCR. reaction were run on 1.5%
agarose gel and stained with ethidium bromide to identify the bands
corresponding to total SNAP-25 (559 bp), isoform-a (202 bp),
isoform-b (202 bp) and B-actin (344 bp). C: SNAP-25 mRNA levels
(in arbitrary units) were quantified by densitometric scanning of
ethidium bromide stained PCR. products and normalized to the den-
sitometric values of the corresponding B-actin PCR products. Data are
mean SEM values obtained in three independent experiments. *P <
0.05, **p < 0.01.
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Fig. 2. CaMK inhibitors reduce the increase of SNAP-25 protein and
mRNA expression induced by high K*. Cells were incubated with
38 mM KClI for 24 or 48 hr, in the absence or presence of KN-62,
KN-93 or its inactive analogue, KIN-92. Inhibitors at a concentration of
10 .M were present 15 min before and during the entire depolarization
period. A: Values are expressed as percentage of the protein expression
elicited by high K (defined as 100%). Data are mean = SEM values
obtained from the number of batches of cells shown in parentheses.
*%%P < (0,001, *P < 0.05 compared to K" values in the absence of
inhibitors; t1P < 0.001, TP < 0.05 compared to KN-92. B: Rep-
resentative immunoblot of SNAP-25 expression in control (C) and
depolarized cells (K*) in the absence or presence of KN-93 or KN-92.
C: RT-PCR analysis shows that CaMK inhibition with KIN-93 pre-
vents the increase of total SNAP-25 mRNA levels induced by high K™,
whereas the inactive CAMEK inhibitor, KN-92 (10 pM), did not
modify the SNAP-25 mRNA expression levels. Figure shows a typical
experiment from the three carried out with total RINAs extracted from
different cell batches. In parallel, results are shown of the PCR products
corresponding to [B-actin.

high K™ enhanced the total SNAP-25 mRNA level 2.3 *
0.22-fold, KIN-93 inhibited the increase by 83.5 = 16%
(P < 0.01, n = 3); in contrast, KN-92 did not significantly
modify the amplified SNAP-25 PCR product.

Because the effect of KN-92 on the SNAP-25 pro-
tein expression could be the consequence of its well doc-
umented Ca®’" channel blockade effect (Maurer et al.,
1996; Tsutsui et al., 1996), we assayed the effect of KIN-
92, KN-93, and KN-62 on the [Ca”"]; response induced
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Fig. 3. Effect of different protein kinase inhibitors on the [Ca®*]
response induced by K* depolarization of chromaffin cells. Indo-1-
loaded single cells were stimulated with 15-sec pulses of 38 mM K™,
applied every 15 min. When the [Ca®"], signal was reproducible,
inhibitors were added (15 min before and during the next K* pulse).
The figure represents original records of the [Ca®*], signals evoked by
two successive K™ pulses (black squares at the bottom of the panel), in
the absence or presence of KN-93 (A) or KN-92 (B). C: Inhibitory
effect of different protein kinase inhibitors on the [Ca®"], rise evoked
by K" pulses applied as described above. Data, expressed as percentage
of inhibition of the response mediated by K* in the absence of
inhibitors (100%), are mean = SEM wvalues obtained in the number of
cells shown in parentheses,

by 38 mM K. For these experiments, Indo-1-loaded
smglc chromaffin cells were stimulated with successive
15-sec pulses of high K™, applied every 15 min. After two
or three initial pulses, when [Ca® "), signals were repro-
ducible, KN-62, KN-93 and KN 92 were added 15 min
before and during the next K" pulse (Fig. 3A,B). Figure
3C shows how the [Ca®"], signal was inhibited below 40%
by the three agents assayed.

Effect of CaMK Inhibitors on SNAP-25 Expression
Elicited by DMPP Treatment of Chromaffin Cells

Because incubation of chromaffin cells with DMPP
mduces the increase of SNAP-25 protein expression, as
high K" does (Garcia-Palomero et al., 2000a), we studied
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whether the CaMK pathway is also involved in protein
expression induced by the nicotinic agonist.

Our data indicate that protein expression was en-
hanced 2.3 * 0.5-fold (» = 7) in 20 uM DMPP-treated
chromaffin cells (Fig. 4A). Similar results were obtained at
the mRNA level; interestingly the increased expression of
total SNAP-25 mRINA elicited by DMPP was due mainly
to the SNAP-25a isoform (Fig. 4B). Figure 4C shows the
results obtained after densitometry analysis of the amplified
products.

The incubation of chromaffin cells with KN-62
(10 pM) or KN-93 (10 pM) reduced the protein expres-
sion elicited by DMPP by 80 = 13% (n = 5) and 83 * 3%
(n = 3), respectively (Flg 5A). Meanwhile, KN-92 (10
KM) reduced such expression to a lesser extent (26 = 3%,
n = 3; P < 0.05). Figure 5B shows a typical immunoblot
of SNAP-25 expression induced by DMPP and the inhib-
itory effect of KIN-62. Similar results related to SNAP-25
mRNA levels were obtained upon semi-quantitative RT-
PCR. analysis. Our data indicate that whereas KN-93
significantly reduced (95 * 5%, n = 3; P < 0.005) total
SNAP-25 mRINA expression elicited by DMPP, KN-92
did not (Fig. 5C).

It is noteworthy that KIN-62, KN-93 and KN-92
reduced the [Ca®*], signals generated by brief pulses of
DMPP (15-sec, 20 wM) applied to single chromaftin cells
by19 = 7% (n=4),28 2 9% (n = 3) and 24 * 8% (n =
5), respectively (not shown). These last findings corrobo-
rated the results obtained previously in cells depolarized

with high KCl.

Effects of MAPK Inhibition on SNAP-25
Expression Elicited by High K* or DMPP

To examine the role of MAPK in the control of
SNAP-25 expression, we used two inhibitors, PD98059
and U0126. It has been described that both agents block
MAPK kinase (MEK), but whereas PD98059 inhibits only
the inactive MEK, U0126 inhibits both active and inactive
MEK (Favata et aL, 1998). Our results indicate that none
of these inhibitors has significant effects on basal or
DMPP-induced SNAP-25 expression (n = 3; data not
shown). In contrast, PD98059 (50 M) and U0126
(10 uM) reduced (I::y 46 = 11% and 59 * 15%, respec-
tively) the high K -induced SNAP-25 expression (Fig.
6A). The inhibitory effect of U0126 was also reproduced
at the mR.NA level (Fig. 6C). The dcnsxtomctry analysis of
the PCR. products showed that K*-depolarization in-
creased by 2.65 * 0.22-fold (n = 4; P < 0.001) total
SNAP-25 mRNA level; the increase was inhibited by
65.7 = 13% in the presence of U0126 (n = 4, P < 0.05).
Additionally, following protocols similar to those de-
scribed previously for other kinase inhibitors in Indo-1
loaded cells, we found that PD98059 and U0126 slightly
reduced (by 20%) the [Ca®™"], rise elicited by 38 mM KCl
(Fig. 3C).

When CaMK and MAPK inhibitors were assayed
togcthcr on the SNAP-25 protein expression induced by
high K™, we observed that the response to depolarization
was almost abolished; the inhibition reached a value of
88 * 9% for KN-62 plus PD98059, and 89 * 10% for the
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Fig. 4. Nicotine receptor activation with DMPP increased SNAP-25a
isoform in bovine chromaffin cells. Cells were incubated for 24 hr (for
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PCR amplification of mRINA corresponding to 3-actin was carried out
routinely, in parallel. Aliquots (20 ul) of each PCR reaction were run
on 1.5% agarose gels and stained with ethidium bromide to visualize the
SNAP-25 (559 bp), isoform-a (202 bp), isoform-b (202 bp) and B-actin
(344 bp) bands. C: SNAP-25 mRNA levels (in arbitrary units) were
quantified by densitometric scanning of ethidium bromide-stained
PCR. products and normalized to the densitometric values of the
corresponding B-actin PCR. products. Data are mean = SEM values
obtained in three independent experiments. *P << 0.05, **P < (.01.

combination of KN-93 plus U0126 (Fig. 6A). Figure 6B
shows a typical immunoblot of the protein expression
induced by high K%, and the effects of PD98059, and
PD98059 plus KN-62.

% SNAP-25 protein expression

B
C p-actin Total SNAP-25
3 conirel DNVEPF DMPP DAMPP  conwel DMPP DMPP DMPP

KNgy  KIN92 EMNea  KIN91

Fig. 5. CaMK inhibitors reduce the increase of SNAP-25 protein and
mRNA expression induced by DMPP. Cells were incubated with the
nicotinic receptor agonist DMPP (20 pM) for 24 or 48 hr, in the
absence or presence of KIN-62, KIN-93 or its inactive analogue KIN-92,
all of them at 10 M A: Blockade of the SNAP-25 protein expression
elicited by DMPP (defined as 100%) by different inhibitors. Data are
mean = SEM values. The number of experiments is shown in paren-
theses. ***P << (.001, *P < 0.05 compared to K* values in the absence
of inhibitors; $1TP < 0.001, tP < 0.05 compared to the KN-92
inhibitory effect. B: A typical immunoblot of SNAP-25 expression in
control non-stimulated cells (C) or in DMPP-treated cells in the
absence or presence of KN-62. C: RT-PCR analysis of total SNAP-25
and [3-actin in non-stimulated cells (control), or in DMPP-treated cells
in the absence or presence of KN-93 or KN-92. Aliquots (20 i) of
each PCR reaction were run on 1.5% agarose gels and stained with
ethidium bromide to visualize the bands.

Effects of PKA Inhibition and Activation on
SNAP-25 Protein Expression

To investigate the contribution of PKA in the con-
trol of SNAP-25 expression in chromaffin cells, we as-
sayed the effect of one inhibitor and two activators of this
kinase. In these batches of cells, the relative increase of
SNAP-25 expression induced by high K (38 mM) or
DMPP (20 pM) was 2.5 * 0.3-fold (n = 4, P << 0.01) and
1.7 £ 0.1-fold (n = 5, P < 0.01), respectively, compared
to non-stimulated control cells. The PKA inhibitor H-89
(10 uM) did not affect SNAP-25 expression induced by
high K™ or DMPP (data not shown).

In contrast, the incubation of cells with the PKA
activator db-cAMP (1 mM, 48 hr), promoted a significant
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Fig. 6. MAPK inhibitors reduce the SNAP-25 protein expression
induced by high K. Cells were depolarized as above, in the absence or
presence of the MAPK inhibitors, PD98059 (50 pM) or U0126
(10 M), alone or in combination with different CaMK inhibitors (10
KM KN-62 or 10 pM KN-93). Inhibitors were present 15 min before
and throughout the entire depolarization period. A: Effect of MAPK
inhibitors expressed as a percentage of the SNAP-25 expression in-
duced by high K* (defined as 100%). Data are mean = SEM values.
The number of experiments is shown in parentheses. ***P < 0.001,
*P < 0.05 compared to K" values in the absence of inhibitors.
B: Representative immunoblot of SNAP-25 revealing that the MAPK
inhibition reduces the SNAP-25 protein expression induced by high
K™. Control band (C) represents the protein expression in non-
stimulated cells. C: RT-PCR analysis of the effect of U0126 (10p.M)
on mRINA expression levels for SNAP-25 and B-actin induced by KCI
(38 mM, 24 hr). Aliquots of each PCR reaction were run on 1.5%
agarose gels and stained with ethidium bromide to visualized the total
SNAP-25 (559 bp) and B-actin (344 bp) bands.

increase in the basal SNAP-25 expression levels (1.5 *
0.14-fold; P < 0.05) compared to basal values obtained in
control non-incubated cells (Fig. 7A). Forskolin (FK, 10
M), a second PKA activator, also enhanced the basal
expression of SNAP-25 by 2.1 = 0.3-fold (n = 4; P <
0.01) compared to cells treated with the inactive analogue
of forskolin, 1,9 dideoxyforskolin (1,9 FK, 10 pM). Figure
7B shows a representative immunoblot of these experi-
ments. It should be mentioned that when PKA was in-
hibited with H-89 (10 mM), basal expression of SNAP-25
was significantly reduced (Fig. 7C,D).
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Fig. 7. PKA and PKC activators increased the basal SNAP-25 protein
expression levels. A: Cells were incubated during 48 hr in control
conditions or in the presence of PKA activators, db-cAMP (1 mM) and
forskolin (10 M), an inactive analogue of forskolin, 1,9 dideoxyfors-
kolin (10 M) or a PKC activator, PMA (100 ng/ml). Protein expres-
sion in the presence of PKA or PKC activators is expressed as a relative
increase, compared to control (referred as 1). Data are mean + SEM of
the number of experiments shown in parentheses. **P < 0.01, *P <
0.05 compared to parallel control cells. B: Left panel shows a repre-
sentative immunoblot of SNAP-25 expression in cells exposed to 1,9
dideoxyforskolin (1,9 FK) and forskolin (FK). Right panel shows a
typical immunoblot in non-stimulated control cells (C) or in PMA-
treated cells. C: Cells were incubated during 48 hr in control conditions
or in presence of the PKA inhibitor H-89 (10 pM) or the PKC
inhibitor G66976 (300 nM). Protein expression in the presence of the
inhibitors is presented as a relative increase, compared to control
(referred to as 1). Data are mean * SEM of the number of experiments
shown in parentheses. D: A representative immunoblot of SNAP-25
expression in control (C) and in the presence of H-89 or G86976.
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Effects of PKC Inhibition and Activation on
SNAP-25 Expression

The contribution of the PKC signaling pathway in
the regulation of SNAP-25 expression in chromaffin cells
was evaluated using the PKC activator, PMA. As it is
shown in Figure 7A, treatment of cells with PMA
(100 ng/ml, 48 hr) resulted in an increase of the basal
protein levels (2.5 = 0.3-fold, n = 3; P> 0.01) compared
to non-treated control cells. Figure 7B shows a represen-
tative immunoblot. Additional experiments were carried
out incubating the cells with G66976, an inhibitor of
Ca”" /diacylglycerol-sensitive PKC isoforms. The incuba-
tion of the cells with G66976 (300 nM) for 48 hr did not
modify basal expression of SNAP-25 (Fig. 7C and 7D).

A different picture was obtained when G66976
(300 nM) was assayed on protein expression induced by
high K™ or DMPP. In these experiments, the relative
increase of SNAP-25 expression induced by K™ or DMPP
was 2.5 = 0.3-fold (n = 4, P < 0.01) and 1.7 % 0.1-fold
(n = 4, P < 0.01), respectively, compared to parallel
non-stimulated cells. Results indicate that whereas
G66976 did not affect the increase of SNAP-25 expression
induced by K" -depolarization (data not shown), the drug
enhanced the protein expression evoked by DMPP almost
two-fold (Fig. 8A,B). Indeed, densitometric analysis of the
PCR. product corresponding to SNAP-25 mRNA re-
vealed that DMPP treatment induced an increase of
1.92 = 0.24 (n = 6; P < 0.005) and 2.8 * 0.23-fold (n =
3: P < 0.005), in the absence or presence of G56976,
respectively, compared to non-stimulated control cells
(Fig. 8C).

To elucidate whether or not the last effect of
G66976 was related to a higher influx of Ca®" to the cell,
we evaluated the effect of G66976 on the [Ca®" |; response
elicited by DMPP. Thus, Indo-1-loaded chromaffin cells
were stimulated with successive pulses of DMPP (20 wM),
in the absence or presence of G66976 (300 nM); the PKC
inhibitor was present 30 min before and during the pulse.
In these conditions, G86976 enhanced the [Ca]; signal
induced by DMPP by 1.65 * 0.65-fold (Fig. 9).

DISCUSSION

Previous findings from our group indicated that
stimulation of chromaffin cells with high K™ or with the
nicotinic receptor agonist DMPP not only induced cate-
cholamine secretion but also increased the expression of
the protein SNAP-25 in a Ca®>*-dependent manner
(Garcia-Palomero et al., 2000a). Nevertheless, mecha-
nisms governing such protein expression remain poorly
known despite the essential role this protein plays in
regulated exocytosis in neurons and other neuroendocrine
cells. The present study was designed to give insight into
the signal transduction mechanisms that regulate the ex-
pression of this protein.

By using primary cultured of bovine adrenal medul-
lary chromaffin cells and specific inhibitors of different
protein kinases, we demonstrated that CaMK is a compo-
nent of high K™ or DMPP signaling that causes upregu-
lation of SNAP-25 expression. This conclusion was

Go6976
B 25kDa
C DMPF DMPP
Go-6976
C f-actin
Total SNAP-25
conirol DMPP DMPP conirel DMPP DMPP
bp G697 G#6976

G56976

Fig. 8. PKC inhibition enhances the protein and mRINA expression
levels induced by DMPP. A: Cells were incubated for 48 hr with
DMPP (20 pM) in the absence or presence of the PKC inhibitor,
G56976 (300 nM), which was added 1 hr before and during the DMPP
incubation period. The effect of G86976 is expressed as percentage of
SNAP-25 expression elicited by DMPP (defined as 100%). Data are
mean = SEM values, and the number of experiments done shown in
parentheses. ***P < 0.001 compared to DMPP values in the absence
of inhibitors. B: A typical immunoblot of SNAP-25 expression in
non-stimulated control cells (C), and in cells incubated with DMPP, in
the absence or presence of the inhibitor agent. C: G66976 enhances the
SNAP-25 mRINA expression elicited by DMPP. Cells were incubated
during 24 hr with DMPP 20uM, in the absence or presence of
G66976; then RT-PCR of total RINA was carried out to determine,
simultaneously, products corresponding to SNAP-25 and B-actin
mRNAs. Aliquots (20 pl) of each PCR reaction were run on 1.5%
agarose gels and stained with ethidium bromide to visualize the bands.

reached after observing the effect of KN-62 and KN-93
on protein and mRNA expression gFigs, 2,5). Because
both CaMK inhibitors also block Ca®" entry into chro-
maffin cells (Maurer et al., 1996; Tsutsui et al., 1996),
however, their effects on SNAP-25 expression likely re-
flect a combined CaMK/Ca®" influx inhibitory action.
The last statement is supported by results shown in Figure
2 and Figure 3, where KN-93 inhibits Ca®" influx as its
inactive analogue KN-92, but it reduces protein expres-
sion to a value significantly higher (88% vs. 34%). At this
moment, our results do not allow us to conclude which is
the CaMK isoform implicated in such regulation, although
one possible candidate could be the CaMK-II isoform
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Fig. 9. The inhibitor of PKC, G56976, enhances the [Ca®"), signal
evoked by DMPP in Indo-1-loaded single chromaffin cells. Cells were
stimulated thh 15-sec pulses of DMPP (20 wM), applied every 30 min.
When [Ca®"]; signals were reproducible, G66976 was added 30 min
before and during the DMPP pulse. A: Original record of the [Ca®];
signals induced by two successive DMPP pulses (black squares at the
bottom of the panel) applied in the absence or presence of G66976.
B: Data, expressed as relative increase of [Ca®™], rise induced by DMPP
(referred to as the unit), are mean = SEM values obtained in the
number of cells shown in parentheses.

whose expression and activation by cholinergic receptor
stimulation of bovine chromaffin cells has been reported
previously (Pavlovic-Surjancev et al., 1992; Tsutsui et al.,
1994).

A different picture was obtained upon incubation of
the cells with the MAPK inhibitors, U0126 and PID98059.
We found that MAPK was involved in the upregulation of
SNAP-25 expression only when cells were stimulated
with high K* but not with DMPP. This result might be
c*(plamed if different stimuli that determine increased
[Ca®"]; signal mediate gene expression throughout differ-
ent 51gnal transduction pathways, as it has been suggested
by other authors (Bading et al., 1993; Lerea and Mc-
Namara, 1993; Brosenitsch and Katz 2001) In fact, Bad-
mg) et al. (1993) found that Ca®" entry through L-type

a®" channels or N-Methyl-D-aspartate receptor (NMDA)
rccrulted distinct signaling pathways that converge in the
induction of the c-fos gene expression in hippocampal
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neurons. Whether this is the case for K *-depolarization or
nicotine receptor stimulation of chromaffin cells remains
to be explored, but 1t s possible that spatial-temporal
differences in the [Ca®*]; signal elicited by one or the
other stimulus determine the activation of distinct protein
kinase pathways.

Our results also reveal that upregulation of SNAP-25
evoked by KCl or DMPP is not mediated by the cAMP/
PKA pathway, as the PKA inhibitor H-89 exerts no effect
on the induced expression (data not shown). This signaling
pathway seems to be implicated in the regulation of the
basal protein levels, however, a hypothesis deduced from
the results shown in Figure 7, where PKA activators
enhanced protein expression and PKA inhibition reduced
it. This 1s not an unexpected result because it has been
demonstrated previously that the cAMP/PKA pathway
regulates basal expression of different catecholamine-
synthesizing enzyme genes (Hwang et al., 1997; Park et
al., 1999). Thus, it is likely that in physiological condi-
tions, endogenous PKA activators (i.e., adrenocorticotro-
phic hormone, vasoactive intestinal peptide, nutrients), by
increasing cAMP levels, can regulate basal SNAP-25 gene
expression acting via the CRE sequence present in the
SNAP-25 promoter (Ryabinin et al.,, 1995). Further, a
second mechanism can also explain the enhanced expres-
sion of SNAP-25 in chromaffin cells upon activation of
the cAMP/PKA pathway. In this manner, it has been
shown that the cAMP rise increases the expression of the
transcription factor Brn-3a, which in tum regulates
SNAP-25 gene expression (Budhram-Mahadeo et al.,
1994; Lakin et al., 1995).

The PKC is part of a multimember family of lipid-
dependent, serine-threonine protein kinases, which has
been implicated in the secretion of catecholamines from
chromaffin cells, particularly upon nicotine receptor stim-
ulation (Cox and Parsons, 1997). Two phorbol ester-
sensitive PKC isoforms have been detected in bovine
chromaffin cells (Sena et al., 1996; Yanagita et al., 2000):
the PKC-oﬂ which is activated by dlacylglycerol in a
Ca®"-dependent manner and the PKC-€, which requires
diacylglycerol but not Ca®** for activation. Thus, it is
possible that each of these isoforms might be activated
independently. This is a very interesting issue bccausc v:ach
PKC isoform regulates voltage-sensitive Ca®>" and Na™
channcls in a different manner: whereas PKC-a promotes
Na™ channels internalization, PKC-€ decreases the half-
life of the Na* channel a-subunit mRNA and inhibits
voltage-sensitive Ca®" channels (Yanagita et al, 2000,
Sena et al., 2001). Our results showing that PKC activa-
tion by PMA increased basal SNAP-25 level, whereas
PKC-a inhibition with G66976 did not (Fig. 7), suggest
that in chromaffin cells the Ca®'-insensitive/ phorbol
ester-sensitive PKC-€ isoform controls the basal levels of
SNAP-25. This finding contrasts with previous data ob-
tained in PC12 cells and in hippocampal explants, where
PMA did not modify SNAP-25 protein expression
(Sepulveda et al., 1998). Such a discrepancy may be due to
specu:s or tissue dlfferences in the expression profile of the
Ca®"-insensitive members of the PKC family.
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Although SNAP-25 expression elicited by high K™
is not affected by PKC inhibition with G&6976, this
compound enhanced both the SNAP-25 expression and
the [Ca®"]; response induced by nicotinic receptor acti-
vation (Figs. 8,9). The finding that G66976 increases the
[Ca®"]; signal elicited by DMPP agrees with a previous
study rcvcalinzg how the PKC activation with PMA re-
duces the [Ca®" |, levels induced by nicotine (Jorgensen et
al., 2000). Moreover, it has been reported that PKC
regulates the desensitization of one neuronal nicotinic
acetylcholine receptor (nAChR) subtype highly expressed
in brain (&,B,), probably by phosphorylation of the alpha
subunit of the heteromeric receptor complex (Fenster et
al., 1999). Although at this moment we do not know the
effects of PKC activators and inhibitors on a,B, or a,
nAChRs, the two main subtypes expressed by bovine
chromaffin cells (Campos-Caro et al., 1997; Criado et al.,
1997; Lopez et al,, 1998; Herrero et al., 2002), it is likely
that a direct effect of the protein kinase and the nAChR.
exists; this interaction could explain, in part, the effect of
G66976 on SNAP-25 expression elicited by DMPP.

Previous studies have demonstrated that upregula-
tion of SNAP-25 protein induced by different stimuli is
preceded by an increase in the mRNA level, suggesting
that such effect likely occurs at the transcription level
(Aguado et al., 1999; Marti et al., 1999; Garcia-Palomero
et al, 2000a; Hepp et al, 2001). By using semi-
quantitative RT-PCR analysis (amplified PCR signals in
the dynamic range) we have reproduced, at the mRNA
level, all results on protein expression obtained upon ac-
tivation or inhibition of different protein kinases (Figs.
2C,5C,6C,8C).

In accordance with previous data, we find that both
1soforms of SNAP-25 (a and b) are expressed constitutively
in bovine chromaffin cells in culture (Fig. 1B), although
the SNAP-25b is the major form expressed (Grant et al.,
1999). Interestingly, this isoform has been correlated with
the adrenergic phenotype, which represents around 80%
of the total population of cells in cultured bovine chro-
maffin cells. On the other hand, we found that SNAP-25a
expression is enhanced preferentially upon high K™ or
DMPP stimulation of the cells. In this regard, it has been
described previously that one or the other isoform of
SNAP-25 might be regulated preferentially depending on
stimulus, the cell type or the species studied (Boschert et
al., 1996; Roberts et al., 1998; Hepp et al., 2001). Because
different authors have proposed that SNAP-25a is required
for neurotransmitter release whereas SNAP-25b is in-
volved in neurite outgrowth, it is possible that a prefer-
ential up-regulation of a particular isoform might have
functional consequences. Nevertheless, more recent stud-
ies have suggested that both isoforms are implicated in the
neurotransmitter secretion (Bark et al., 1995; Boschert et
al., 1996, Grant et al., 1999; Puffer et al., 2001).

In conclusion, our results demonstrate that bovine
chromaffin cells have significant regulatory flexibility to
control the SNAP-25 expression. Such flexibility is most
likely due to a set of protein kinases available to be
activated selectively in particular physiological or experi-

mental situations. Thus, depending on the isoform of
protein kinase expressed by the cell, the type of stimulus
used, the level or the spatial-temporal profile of the
[Ca®*]; signal, one or the other protein kinase might be
activated preferentially. Upregulation of catecholamine
biosynthetic enzyme genes by prolonged depolarization of
chromaffin cells also occurs in vivo upon stressful condi-
tions (Fluharty et al., 1983; Stachowiak et al., 1985; Rich-
ard et al., 1988; Baruchin et al., 1990). This poses the
interesting question of how stressful situations influence
the up-regulation of SNAP-25 in chromaffin cells and
thus increase the functional efficacy of the secretory ma-
chinery.
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Voltammetric Behaviour of Nitrofurazone, Furazolidone and Other
Nitro Derivatives of Biological Importance

Alfonso Morales, Pablo Richter and M. Inés Toral

Department of Chemistry, Faculty of Sciences, University of Chile, Las Palmeras 3425, P.O. Box 653,

Santiago, Chile

In pyridine - formic acid buffer and tetramethylammonium chloride solution of pH 4.5 at a dropping mercury
or a glassy carbon electrode, nitrofurazone, furazolidone and nitrofurantoin are reduced in a single
six-electran wave, while chioramphenicol and other structurally related nitro derivatives are reduced in only
one four-electron wave, the nitro group being reduced to the amine or to the hydroxylamine, respectively. The
electrochemical behaviour of these compounds depends mainly on the nature and position of the
substituents. Reduction to the primary amine occurs when the substituents possess available m electrons to
conjugate with the nitro group of the aromatic ring, which determines the transformation of the
hydroxylamine into the amine via formation of a highly reducible intermediate imine or a quinonoid structure.
In contrast, if the formation of the intermediate imine is made impossible by an adverse effect of the
substituent, the hydroxylamine does not undergo further reduction.

Cyclic voltammograms were recorded at different pH values and at different scan rates in order to identify
certain relatively unstable species. The effect of pH on the diffusion-limited current and on the E,values of the
polarographic waves was also studied and the results obtained were compared with those obtained by cyclic
voltammetry.

On this basis, and according to the polarographic and cyclic voltammetric data, a reduction mechanism for
the nitrofuran derivatives is suggested, in which the importance of the homogeneous chemical reactions
associated with the electron-transfer steps is examined.

Keywords: Nitrofurazone, furazolidone and chloramphenicol; nitro derivatives of 1,4-benzodiazepines;

polarography; cyclic voltammaetry

Nitrofurazone (I}, furazolidone (II) and nitrofurantoin (III)
are structurally related, with a nitro group at the 5-position on
the furan ring. The electrochemical behaviour of these
nitrofurans and other aromatic nitro derivatives such as
chloramphenicol, clonazepam, nitrazepam, flunitrazepam
and parathion is based on the ease of reduction of the nitro
group at a dropping mercury or solid electrode.
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Polarography has been widely used in order to elucidate the
reduction mechanism at a dropping mercury electrode and to
investigate the resemblance with the metabolic pathway for
the biological degradation of these nitro derivatives. These
compounds are generally metabolised in vivo to the corre-
sponding amines via nitroso and hydroxylamine interme-
diates. However, the polarographic techniques cannot deter-
mine these metabolites owing to the ill-defined reduction
wave of the hydroxylamine, the inability of the amine group to
react at the dropping mercury electrode and because the

reduction of the nitroso group to hydroxylamine occurs at 4
more positive potential than the reduction potential of the
nitro group to hydroxylamine, and consequently that reduc-
tion wave is not detected. Further, the variable number of
reduction waves for each compound, depending on the
supporting electrolyte, pH and maximum supressors
employed, illustrates the complexity of the electrode
processes involved. In Britton - Robinson buffer at pH values
below 5, the nitro group of the nitrofurantoin is reduced to
hydroxylamine in a four-electron process and subsequently to
the amine in a two-electron process.! Similarly, nitrofurazone
shows a two-step reduction wave in different supporting
electrolytes, the second wave being attributed to a simul-
taneous reduction of the hydroxylamine and the azomethine
group.?

The determination of some nitrated neterocyclic com-
pounds containing similar types of reduction sites to that of
nitrofurazone was studied earlier by Vignoli er al. * using a
Britton - Robinson buffer of pH between 1.81 and 11.98. They
observed two waves for the reduction of the nitro group and
three waves at lower pH values when the compounds had a
substituted imino group.

A polarographic method has been used to determine
furazolidone in feed pre-mixes,* but little attention has been
paid to the electrochemical behaviour of this compound.

In previous polarographic works in which a solvent - buffer
system containing pyridine and formic acid in conjunction
with tetramethylammonium chloride solution was used as the
supporting electrolyte, it was found that the nitro group of the
nitrofurantoin shows only one reduction wave corresponding
to a six-electron process, and that chloramphenicol and other
structurally related compounds are reduced in a single
four-electron wave.

The aim of this work was to study the electrochemical
behaviour of molecules having the same electroactive group in
order to elucidate the effects of the nature and position of the
substituents on the reduction. Significant aspects involved in
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Table 1. Voltammetric data for reduction of I and Il in pyridine - formic acid with TMAC as supporting electrolyte

Scan rate/
Compound NiseL [TV i/ Cvt
0.196mmI 0.020 5.60 202
0.050 9.20 210
0.100 13.20 213
0.200 17.60 201
0.300 20.80 194
0.400 23.60 191
0,476 mmI 0.020 14.4 214
0.050 22.4 211
0.100 3352 220
0.200 43.2 203
0.300 51.6 198
0.400 59.2 197

Scan rate/

Compound V-t ipfLA i, /Cvt
0.196 mm II 0.120 5.8 209
0.050 9.2 210
0.100 12.8 207
0.200 18.0 205
0.300 21.6 201
0.400 24.2 195
0.476 mm II 0.020 14.4 214
0.050 22.4 211
0.100 32.0 213
0.200 442 212
0.300 55:2 212
0.400 60.4 201

Table 2. Polarographic data for the reduction of nine nitro compounds
(0.124 mm) in pyridine - formic acid with TMAC as supporting
electrolyte

No. of

Compound runs EJV /A
p-Nitrophenol i —0.50 2.38
Nitrofurantoin 8 =(.16 A
Nitrofurazone 7 =0.18 2.30
Furazolidone 7 -0.17 2.29
Chloramphenicol 9 —0.41 1.62
Nitrazepam 5 —{1.34 1.62
Flunitrazepam 6 —0.28 1555
Clonazepam 7/ —0.28 1.58
Parathion 8 =0.32 1.64

the reduction were examined, together with the homogeneous
chemical reactions accompanying the electrode process.

Experimental
Reagents

All chemicals were of analytical-reagent grade unless stated
otherwise.

Nitrofurazone (I), furazolidone (II) and nitrofurantoin
(I1I) (Sigma Chemical, St. Louis, MO, USA) were used for
the basic studies. Standard solutions (1.0 x 10-2 M) were
prepared by dissolving the appropriate amount of each drugin
dimethylformamide (DMF). Gelatine solution (0.5%) was
used as a maximuim SUppPressor.

The supporting electrolyte was prepared by diluting 20 ml of
pyridine (12.3 M) and 10 ml of formic acid (98-100% } with 120
ml of (1.1  tetramethylammonium chloride (TMAC) solution.
The resulting solution had a pH of 4.5. On varying the ratio of
formic acid to pyridine the pH could be varied over the range
2.6-5.1.5

Other nitro derivatives, such as chloramphenicol, p-nitro-
phenol, nitrazepam, flunitrazepam, clonazepam and para-
thion (EPA Research, Triangle Park, NC, USA), were also
dissolved in DMF.

Apparatus

Polarographic assays were performed using a Polariter PO4
instrument (Radiometer, Copenhagen, Denmark). A drop-
ping mercury electrode was used as the working electrode and
a saturated calomel electrode (SCE} as the reference elec-
trode.

Cyclic voltammetric experiments were performed using a
CV-27 voltammograph (Bicanalytical Systems, Lafayette, IN,
USA). A three-electrode assembly was used for all measure-
ments. Glassy carbon was employed as working electrode, an
SCE as the reference electrode and a platinum coil as the
counter electrode.

An Orion Research Digital lon-Analyzer 701 with glass and
SCE electrodes was used for pH determinations.

Techniques

Aliquots of the standard solutions were diluted with the
supporting electrolyte, de-oxygenated with oxygen-free nit-
rogen and analysed using the d.c. polarographic mode. The
mercury flow-rate, m, and the drop time, ¢, were determined
at various heights of the mercury column, 4. The diffusion-
controlled character of the current and the dependence of the
diffusion-limited current on the depolariser concentration
were established.

Cyclic voltammetric experiments were carried out under
identical experimental conditions. All measurements were
performed at 25 *.1°C. Dissolved air was removed from the
solutions by bubbling oxygen-free nitrogen through the cell
for 10 min, then passing it over the solution during the
electrolysis. Voltammograms were recorded at scan rates
between 0.02 and 0.4 V s-1. The current function i,/Cv* was
found to be fairly constant for I and II (Table 1).

pH Studies

The effects of pH on the half-wave potentials and diffusion-
limited current for I and Il at a concentration 0.124 mm were
studied over the pH range 1-14. The corresponding voltam-
mograms were recorded under identical conditions.

Results and Discussion

Under the experimental conditions described above, the
polarographic reduction of some aromatic nitro compounds of
biological importance was found to give rise either to a single
well defined wave corresponding to a six-electron process or to
a single wave corresponding to a four-electron process. The
electrochemical behaviour depends on the nature of the
aromatic ring and on the nature and position of the substitu-
ents. When a solvent - buffer system (pH 4.5) containing
pyridine and formic acid in conjunction with tetramethyl-
ammonium chloride solution was used as the supporting
electrolyte, compounds containing a nitro-substituted furan
ring behave as p-nitrophenol and are reduced to the corre-
sponding amine in a six-electron reaction in a single step.
Reduction of such compounds, except p-nitrophenol, occurs
at relatively lower negative potentials than that of other nitro
compounds, which indicates some nitroso character (Table 2).
When equimolar solutions of I-III were polarographed using
the supporting electrolyte mentioned above, the ratio of wave
heights was approximately 1.00 £ 0.04, indicating a reduction
process similar to that for the corresponding primary amine
(Fig. 1). Using controlled potential electrolysis, Mishra and
Gode? recently demonstrated that the ultimate reduced
product of nitrofurazone is the primary amine.

Reduction by six electrons in a single step occurs only if the
substituents possess available m electrons to conjugate with
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Fig. 1. Polarographic reduction waves of nitrofurazone, furazoli-
done and nitrofurantoin, each at 0.124 mm. (A) Nitrofurazone: E,
~0.18 V and i, 2.3 nA. (B) furazolidone: E, —0.17 V, iy 2.29 nA. (C)
Nitrofurantoin: £, =0.16 V, i, 2.27 uA. V, = 0.00 V ;

the nitro group of the aromatic ring, which makes the
transformation of the hydroxylamine into the imine or a
quinonoid structure possible. This substituted donor group
must be located at the 2-position on the furan ring or in a para
or ortho position on the benzene ring in order to achieve the
interaction of the n systems of the aromatic ring and of the
substituents with the intermediate hydroxylamine to give the
corresponding imine, which is then reduced to the primary
amine.

Electrochemical reduction of I-III in a single wave can be
explained regardless of the electron transfer process by the
extremely fast chemical reactions occurring, owing to the
presence of the moiety =C=N-N<. The following scheme
represents the mechanism of formation of the corresponding
imine from the intermediate hydroxylamine.

H
\ O. E‘ i H- \ a ':f
™ =MN—N— — ! C—=N—N—
Sl e | el |
HO HO
H
H\ H M H
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p-Nitrophenol, p-nitroaniline, nitrosophenols and other
aromatic nitro compounds containing similar types of reduc-
tion sites and a donor group substituent show analogous
polarographic behaviour.5-9
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Fig. 2. Cyclic voltammograms of (a) nitrofurazone; (b) furazoli-

done; and (¢) nitrofurantoin, cach at 0.476 mm. pH, 4.5. Glassy
carbon electrode. Scan rate. 0.1 V s=1

Cyclic voltammograms of the nitrofuran derivatives (Fig. 2)
were recorded under identical conditions, in order to identify
intermediate species. In all instances the scan is initiated in a
negative direction from 0.0 V. The initial reduction peak A
corresponds to a six-electron reduction of the nitro group to
the amine derivative, as shown below.

[oF] C=N—N—4+ G- + 6H* —=
Sl e

o]
HaM C=N—N—+ 2H,0
Rt e el

The amine thus produced is subsequently oxidised in the
reverse scan at peak B to the imine or quinonoid structure
intermediate. This imine is hydrolysed to a quinone deriva-
tive, which is neither oxidised nor reduced at these potentials,
as shown in Scheme 1.

It can be observed that the electron transfer precedes the
chemical reaction (EC reaction). Similar behaviour has been
shown to occur in the oxidation of p-aminophenol at a
platinum electrode in aqueous solutions.!%:1! Wave clipping,
that is, reversal of the scan direction before peak A, causes
peak B to disappear, indicating that peak B is the oxidation
product of the primary amine previously formed in A.

Atscan rates higher than 0.3 V s—! a second cathodic peak C
appears (Fig. 3), indicating that a reversible reduction of the
imine derivative occurs, and that the hydrolysis of this imine is
too slow to affect the reduction process. In other words, if the
scan rate is very high relative to &, very little imine will be lost
to the succeeding hydrolysis reaction and the electrochemical
process will be reversible (see Fig. 3). Conversely, if the scan
rate is low relative to k, the chemical reaction will be
essentially over before the voltage scan is reversed, and the
electrode process will appear totally irreversible.

The reduction potential of the highly reducible intermediate
imine is more positive than the reduction potential of the nitro
group to amine (peak A) and consequently this wave is not
observed in normal d.c. polarography.

On the other hand, it was observed that chlorampheni-
col,3.12-14 pitrazepam,!’ flunitrazepam and parathion show a
different voltammetric behaviour to the nitrofuran deriva-
tives. The former are reduced in a single four-electron wave

o]

H .
H;NUC=N—N— = HNIQ:C—N:N— 8= P He

k| H,0

NHy O=U=C———N:N-—— -~

Scheme 1
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Fig. 3. Cyclic voltammogram of nitrofurazone. Scanrate, 0.3 Vsl
other conditions as in Fig. 2
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Fig. 4. Cyclic voltammogram of chloramphenicol. Conditions as in
Fig. 2

(a)

-0.2 r

—04

Fig. 5. Variation of E, with pH. (a) Nitrofurazone and (b)
furazolidone, each at 0.124 mm
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corresponding to the reduction of the nitro group to the
hydroxylamine. This hydroxylamine derivative does not
undergo further reduction because the formation of the highly
reducible intermediate imine is blocked by an adverse effect of
the substituents. Fig. 4 shows a typical cyclic voltammogram
for these compounds in pyridine - formic acid. The three peaks
observed correspond to the following well known electrode
process:

Peak A: ATNO, + 4e + 4H* — ArNHOH + H,O

Peak B: AINHOH — ArNO + 2e + 2H*

Peak C: ArNO + 2e + 2H+ — ArNHOH

Kissinger and Heineman!® showed that the three peaks
observed in the voltammogram of chloramphenicol in an
acetate buffer system and using a carbon paste electrode
involve more than a simple electron transfer. The irreversibil-
ity of peak A is due to the slow electron transfer oceurring in
the step nitro — nitroso derivative.!2-13

In addition to these aspects, the buffer constituents of the
supporting electrolyte also seem to have a significant effect on
the shape and number of the reduction waves reported. We
have observed that in a weli buffered medium such as that
constituted by pyridine and formic acid, in the acidic range
single waves were always obtained in the reduction of all the
nitro derivatives studied. On the other hand, in poorly
buffered media or in Britton - Robinson buffer, nitrofuran
derivatives are reduced to hydroxylamine, which is further
reduced to the amine in a second separate wave.!=3 According
to Hess,!2 chloramphenicol is reduced in two steps in
phthalate buffer of pH 4 and a similar reduction in two
separate waves in acetate media has been reported. 13

pH Studies

In d.c. polarography, the half-wave potentials for I and Il are
pH dependent and are shifted cathodically with increasing pH.
The E, versus pH graph (Fig. 5) shows three linear portions.
The equations that describe the variations of E; with pH were
deduced from the graph and are given in Table 3.

The diffusion-limited current for both compounds is also pH
dependent (Fig. 6). The slight decrease in the wave height
below pH 3 is probably associated with an acid - base
equilibrium as previously reported for nitrofurantofn.t.?
Above pH 5.0 the wave slowly begins to decay for I and IT, and
at this pH the first break on the E, versus pH graph occurs,
representing the pH at which the hydroxylamine intermediate
in the reduction of the nitro group is no longer protonated and
therefore cannot be easily reduced. At approximately pH 8.5
for I and at pH 8.8 for IT, each wave falls sharply and breaks up
into two waves. This fall is accompanied by a change in the
slope of the E, versus pH graph, indicating that a different
electrode process occurs. Therefore, for all these compounds
the best defined and differentiated waves for analytical
purposes were obtained at 3 < pH < 5. The scission of the
polarographic wave and the change in the slope of the E,
versus pH graph observed at pH 8-9 can be related to the
cyclic voltammetric behaviour. Possibly an increase in pH
increases the dissociation constant of the protonated species
and these factors affect the protonation rate and consequently
the E, values of the reduction wave are shifted to more

Table 3. Equations of the half-wave potentials of I and II at different pH values. The first term of each equation is the slope of the
line and the second is the intercept of the line with the potential axis. Substitution of the appropriate pH value will give the £, value

at that pH
1

pH Equation
0.0-5.12 E;= —0.051pH + 0.050V
5.12-8.43 £, = —0.075pH + 0.173V
8.43-14  E,= —0.0089pH — 0.384V

11

pH Equation
0.0-5.5 £y=—0.045pH + 0.024Vv
5.5-8.79 E,;=—0.061pH + 0.112V
8.79-14 E,= —0.0080pH — 0.354V
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Fig. 6. pH dependence of the diffusion-limited current of 0.124 mm
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Fig. 7. Cyclic voltammogram of 0.476 mu nitrofurazone at pH 10. D
was obtained when the sweep was reversed after the first reduction
peak. Other conditions as in Fig. 2

negative potentials. Such a situation occurs when protonation
precedes electron transfer.!?

Cyclic voltammetric studies of the effect of pH on the
reduction of the nitrofurans were carried out in order to relate
them to the polarographic data obtained. In the pH range
1-8.5 no difference was observed in the shape of the cyclic
voltammetric waves (Fig. 2), except that the potentials were
shifted cathodically as the pH increased, indicating a similar
electrode process over the pH range. However, above
- approximately pH 8.5 a noteworthy difference appears,
indicating that a different process is occurring. For I-III a
one-electron reduction peak appears at —0.5 V, correspond-
ing to the reversible reduction of the nitro group to a nitro
anion radical. This peak precedes the main reduction wave,
which is shifted, at these pH values, to a more negative
potential (Fig. 7). Wave clipping at a potential between peaks
C and A (see Fig. 7) causes peaks A and B to disappear,
indicating that peak D corresponds to the oxidation of the
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anion radical formed in C. The existence of this relatively
stable anion radical in alkaline media has been recently
reported in the reduction of nitrobenzene when platinum,
gold and glassy carbon electrodes were used.!8 The formation
of the nitro anion radical can be explained by delocalisation of
the electrons in the aromatic ring due to the low proton
activity in the bulk of the solution. Detection of the nitro anion
radical is possible only through cyclic voltammetry.

Mechanism of the Electrode Process

Based on the polarographic and cyclic voltammetric studies, a
reduction mechanism for I-1II can be proposed. The nature of
the waves and peaks was found to be diffusion controlled in
the supporting electrolyte used, as shown by the i,s~* and
i,/Cv* relationships.

The irreversibility of the electrode process was verified
by logarithmic analysis of the wave. The slope of the E versus
log (ifig — i) graph exceeds appreciably 59/n mV and the
numerical value of E; — L; exceeds 54.6/n mV. 1

The an, values (where « is the transfer coefficient) and the
number of protons (p values) corresponding to the rate-
determining step were calculated for I and II at selected pH
values. At pH 4.5 the an, values for [ and IT were found to be
1.23 and 1.15, respectively, indicating that two electrons take
part in the rate-determining step of the reaction.

From the equation:
d&, -0.059 b
dpH an,

p was found to be 0.93 and 0.88 for I and II, respectively,
showing that one proton is involved in the rate-determining
step of the reaction over the pH range 1-8. The participation
of the hydrogen ion in the rate-determining step is due to
protonation of the nitro group to form a more readily
reducible species, which is reduced to the nitroso intermediate
(CE reaction). A similar stoicheiometry of the rate-determin-
ing step for the reduction of nitroxazepine hydrochloride has
been reported recently (Scheme 2).20

The nitroso intermediate group is rapidly reduced to the
hydroxylamine, which is stabilised at this stage whenever the
fast chemical reactions that would allow the transformation of
this hydroxylamine into the highly reducible intermediate
imine are inhibited. This inhibition takes place when the
substituent does not have donor properties, in which event a
four-electron reduction occurs. This was observed in com-
pounds such as chloramphenicol, parathion, nitro derivatives
of 1,4-benzodiazepines and other structurally related sub-
stances (CEE reaction). The nitroso - hydroxylamine revers-
ible couple can be detected by cyclic voltammetry only when
the hydroxylamine is the ultimate reduction product (Fig. 4),

H o]

—T—N:CUN:O + Hy0

H

- H o N/
| \ -

Scheme 2
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It must be stressed that the nitroso intermediate is not
observed when normal d.c. polarography is used because the
reduction potential of the nitroso group (E5) is more positive
than that of the nitro group.

On the other hand, in the reduction of the nitrofuran
derivatives due to the effect of the donor properties of the
substituent by a EC reaction, the hydroxylamine undergoes
very fast chemical reactions, protonation and loss of a water
molecule, giving rise to the highly reducible intermediate
imine, which is then reduced to the primary amine in a
reversible process (Fig. 3). This reversible couple was
observed by cyclic voltammetry at high scan rates. At slow
scan rates this reaction appears to be totally irreversible owing
to the hydrolysis of the imine to give an inert product (Figs. 2
and 3) as indicated above. The reactions are shown below.

H
: H o 7 H-
_N-“N:CUN ;.—5
N
OH
——N—N—cﬁNH + H,0

0 Z2e-, H+

+ H
_T=N—C=Q=NH Eﬁ
a

It must be noted that the potential £; is more positive than
E, and therefore only one wave is observed. It may be
concluded that the hydrolysis of the imine derivative is too
slow to affect the polarographic wave. The above-mentioned
processes, as already stated, take place in a well buffered
medium of pH 4.5, In the pH range 9-14 the potentials of I and
IT are shifted cathodically and one reversible couple appears,
at more positive potentials, corresponding to the reversible
reduction of the nitro group to a nitro anion radical derivative
(Fig. 7).

Conclusions

The voltammetric behaviour of some aromatic nitro com-
pounds of biological interest, usually prescribed as therapeutic
agents, has been studied by polarography and cyclic voltam-
metry. In pyridine - formic acid buffer, in the acidic range, the
reduction of the nitro group occurs in a single step indepen-
dently of the structure of the compound. The best defined and
differentiated d.c. polarographic waves, for analytical pur-
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poses, were obtained at 3 < pH < 5. As is apparent from
Table 2, the difference in the half-wave potentials makes the
simultaneous determination of different nitro derivatives
possible.

Cyclic voltammetry was used to identify certain interme-
diates, metabolites and final products when reducing, under
similar conditions, nitro derivatives having different substitu-
ents. Hence the formation of the intermediate nitroso group in
the reduction of the nitro compounds, which are reduced to
hydroxylamine, has been clearly demonstrated, together with
the formation of the intermediate imine when the nitro
compounds are reduced to amines. The donor properties of
the substituent drive the reduction completely to the primary
amine, whereas a substituent that is not a donor promotes
reduction to hydroxylamine.

Cyclic voltammetry also proved to be useful for the
diagnosis of the electrode reactions that are coupled with
homogeneous chemical reactions. .

Support from the Deparlmen.t of Investigation (DIB) of the
University of Chile is gratefully acknowledged.
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