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Abstract

The identified dopamine cell of Planorbis corneus is described as a model system to study neurotransmitter storage
and dynamics. Techniques developed with this model system include capillary electrophoresis with electrochemical
detection and microelectrochemistry at single cells. These techniques provide a powerful combination to examine
single cell neurochemistry. Whole cell and cytoplasmic dopamine concentrations have been quantified with capillary
electrophoresis. Additionally, this technique has been used to profile amino acids and to quantify two compartments
of neurotransmitter in a single cell. Individual exocytosis events have been monitored at the cell body of the dopamine
cell of P. corneus with microelectrodes. In this case, two different types of vesicles have been identified based on the
amount of transmitter released. The psychostimulant, amphetamine, has been shown to selectively affect the amount
of dopamine in these vesicles with lower to higher doses affecting the larger to smaller vesicle types, respectively.
Microelectrochemistry at single nerve cells has also been used to demonstrate reverse transport of dopamine across
the cell membrane and to suggest a role of this process in the molecular mechanism of amphetamine. © 1999 Elsevier
Science B.V. All rights reserved.

Keywords: Single cell electrochemistry; Exocytosis; Reverse transport; Dopamine storage; Amino acid profiling; Amperometry;
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1. Introduction

To understand the chemistry of the brain is a
project of great importance. However, there are
many difficulties in analyzing the brain chemistry.
The nervous system is a myriad of cells and

* Corresponding author. Tel.: + 1-814-863-4563; Fax: + 1-
814-863-8081; e-mail: age@psuvm.psu.edu.

combinations of these cells form areas of the
brain that control everything from emotions to
muscle movement. There are complex biological
pathways to be understood. Many chemicals that
act as messengers and modulators are present at
low quantities and are sequestered in small vol-
umes. In addition, many cells, or groups of cells,
interact with one another to yield a biological
response.
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Electrochemical methods provide the means to
simplify many of the problems encountered in
neurochemical analysis. Although there are many
compounds of neurological interest, only a few
demonstrate redox chemistry at potentials attain-
able for electrochemical research. This gives elec-
trochemical methods a unique chemical selectivity
so that a single or perhaps a few compounds can
be measured in a mixture of many other com-
pounds. To minimize tissue damage and to
achieve spatial selectivity, electrochemical probes
must be fabricated routinely with total tip sizes
that are small relative to the size of the tissue
sample being analyzed. The spatial selectivity pro-
vided by the small size of the probes and the
chemical selectivity provided by electrochemistry
makes it an ideal technique for measuring target
compounds in specific brain regions.

Another way to simplify neurochemical analysis
is to study single cells. Electrochemistry is ideal
for single cell analysis since the probes are so
small, selective, and sensitive. Electrochemistry
has been used, alone and in combination with a
micro-scale separation technique, to study chemi-
cal storage and dynamics in many cell types [1,2].
In particular, electrochemical analysis of an inver-
tebrate single cell model of neurotransmission, the
giant dopamine cell (GDC) of the pond snail,
Planorbis corneus, has provided some key infor-
mation for dopamine (DA) neurotransmission.

This manuscript reviews the many electrochem-
ical experiments that have been performed on the
GDC. Background on the GDC and the method-
ology used to analyze it will be outlined first
followed by a description of several key experi-
ments. The experiments reviewed represent ad-
vances in both neurochemical studies and
micro-scale analytical chemistry. Capillary elec-
trophoresis has been used with electrochemical
detection (CE-EC) to profile the primary amine
content of the GDC [3] and also to study DA
storage [4]. Voltammetric microelectrodes have
been used to measure DA release by exocytosis [9]
and reverse transport [6] from the cell body of the
GDC. In addition, the dose dependent effect of
the psychostimulant amphetamine on multiple
vesicular stores of DA has been studied using
microelectrodes [7].

1.1. P. corneus

The brain of the pond snail P. corneus
contains an easily identifiable cell known as the
GDC. The GDC is a useful single cell model
system for studying chemical profiles and
dynamics in neurons for several reasons. It is a
large cell, located in a constant position in the
brain of the animal. It contains femtomoles of
DA, an electroactive neurotransmitter, of which
only 2% is cytoplasmic [8]. The other 98% of
the DA is presumably stored in vesicles that are
released by calcium ion-dependent exocytosis
from the cell body [5]. Excess cytoplasmic DA is
removed from the cell by a nomifensine-sensitive
DA transporter operating in reverse (reverse
transport) [6]. In addition, DA synthesis and
metabolism follows the same pathway as in
mammalian neurons [9].

To perform the experiments described in this
review, individual snails are pinned to a wax
coated dish and dissected to reveal the brain of
the animal. Fig. 1 is a photomicrograph of the
brain of P. corneus following the dissection,

Fig. 1. Photomicrograph of the ventral side of the pedal
ganglion of P. corneus. Typically, seven to ten pins are used to
hold the ganglia ring against the dissection wax (not visible in
the photomicrograph). The rightmost black arrow is pointing
at the GDC, which can be seen beneath the transparent tissue
surrounding the ganglion. The GDC is easily identifiable based
on its large size and its location near the statocyst (leftmost
arrow). The horizontal field of view of the photomicrograph is
~ 1.6 mm. From Anderson et al. [10], with permission.
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which is described elsewhere [10]. Many individual
cells can be seen beneath the membranes that hold
the cells in place. The GDC is the large cell
(rightmost arrow) near the statocyst (leftmost ar-
row) of the left pedal ganglion. The membranes
covering the cells are either partially or wholly
removed to do various electrochemical experi-
ments. Experiments are performed in the dish
with the animal alive and functioning at the time
of the experiment.

1.2. Microvoltammetric electrodes

Voltammetric microelectrodes have been used
to study neurochemistry for many years [11-13].
Intracellular voltammetry has been used to mea-
sure drugs and neurotransmitters in single inverte-
brate neurons including identified neurons in
Aplysia californica and the GDC [8,14,15]. And in
1990, microvoltammetric electrodes were first
used to measure vesicular release of neurohor-
mone (exocytosis) from single adrenal chromaffin
cells in culture [16].

Although there are many materials and ge-
ometries used for electrode construction [17], the
most common electrode is the disk electrode fab-
ricated from a carbon fiber. To make a carbon
fiber microelectrode [18], typically a 5 or 10 um
carbon fiber is sealed in a pulled glass capillary
with epoxy. The excess carbon is cleaved with a
scalpel at the glass/fiber interface and the fresh
surface is beveled flat at a 45° angle with a slurry
of fine diamond paste on a rotating wheel. These
electrodes can measure zeptomole quantities [19]
of electroactive neurotransmitter on the sub-mil-
lisecond time scale. They can also be used to
measure sub-micromolar concentrations of bio-
genic amines using fast scan cyclic voltammetry
[20]. Although microelectrodes can be used for
direct single cell analysis, they can also be used as
a detector for microcolumn separations [21]. In
particular, they can be used for detection in capil-
lary electrophoresis, as discussed in the next
section. Detection electrodes for capillary elec-
trophoresis are fabricated the same way as above
except they have a cylindrical geometry for in-
creased electroactive area.

1.3. Capillary electrophoresis with electrochemical
detection

Capillary electrophoresis (CE) is a low volume
sampling, high efficiency separation technique
that separates molecules based on their differen-
tial size to charge ratio. Fig. 2(A) is a schematic of
a CE experiment. A buffer filled fused silica capil-
lary is suspended across two buffer reservoirs and
a high potential field is applied across the capil-
lary. One important aspect of CE is that the high
potential field used as the separative force causes
a bulk solvent flow termed electroosmotic flow
(EOF). EOF allows cationic, anionic, and neutral
molecules to be injected at one end of the separa-
tion capillary and detected at the other end. Typi-
cally, 10-30 kV is applied to the inlet reservoir
and the detection reservoir is held at ground.
Cations migrate toward the anode, in this format,
from the injection end to the detection end of the
capillary and separate based on differential elec-
tromigration. Neutral molecules elute as a single
plug at a velocity indicative of the EOF. Anions
migrate toward the cathode, or the injection end
of the capillary, but they elute at the detection end
because the EOF velocity is greater than their
electrophoretic velocity.

One very important aspect of single cell analysis
by CE is the detector. For red blood cells and
lymphocytes, the detector must be able to detect
as little as 200 zmol of material from a volume of
50-100 fl [22]. Laser induced fluorescence [23—
27], mass spectrometry [28], immunoassay [29],
and electrochemical detection [4,8,21,30—33] have
been proven to be very useful in single cell analy-
sis by CE. Since the GDC contains the electroac-
tive neurotransmitter DA, electrochemistry is an
ideal detection technique to use. Fig. 2(B) shows
an electrochemical detector operating in the opti-
mized end column mode [21]. For this detection
format, the detection end of the capillary is etched
with concentrated hydrofluoric acid (HF) to a
cone so that the electrode can be easily manipu-
lated into the end of the capillary with the aid of
a microscope and micromanipulator. A reference
electrode is also placed in the detection buffer
reservoir to allow potentiostatic control of the
electrochemical cell. As electroactive compounds
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Fig. 2. Capillary electrophoresis with electrochemical detection and single cell injection protocols: (A) Schematic of capillary
electrophoresis; (B) Schematic of optimized end column detection for capillary electrophoresis; (C) Injector for acquiring and
injecting whole cells, constructed at the high voltage end of a 25-um i.d. capillary; and (D) Injector for acquiring and injecting
cytoplasmic smples at the high voltage end of a 5-pm i.d. capillary. From Swanek [90] with permission.

elute from the capillary, they are detected as
faradaic current using either amperometry (con-
stant potential) or scanning electrochemical de-
tection. Amperometry, which provides extremely
low detection limits [34], is used for high sensi-
tivity work while scanning electrochemical detec-

tion [35] is wused to identify the eluting
components.

Equally important to single cell analysis is the
ultralow volume sampling that CE affords. Fig.
2(C,D) is a schematic of two different types of
single cell injections possible with CE. Fig. 2(C)
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shows the protocol used for whole cell injections.
The injection tip has been etched to a cone (simi-
lar to the exit end in optimized end column
detection), and with the help of a microscope and
micromanipulator, the capillary is manipulated so
that it just touches the cell of interest. Once in
place, a potential of ~ 10 kV is applied to the
dish containing the cell and electroosmosis pulls
the cell into the capillary. A plug of separation
buffer is then pulled over the cell to initiate cell
lysis. After the desired amount of time, the sepa-
ration potential is applied and the contents of the
cell are separated. The lyse time of the cell de-
pends on the experiment and it can take up to 15
min in order for derivatization reactions to take
place. In Fig. 2(D), the tip of the injection end of
the capillary has been chemically etched with con-
centrated HF to a fine point that can be placed
inside a large cell like the GDC to remove a small
volume (pl-fl) of the cytoplasm by electrokinetic
injection.

The combination of electrochemical detection
and ultra small-volume sampling makes CE-EC
an ideal technique for analysis of the GDC. Its
usefulness has been proven in the experiments
outlined below.

2. Chemical profiling by capillary electrophoresis
with electrochemical detection

Early characterization experiments of the GDC
used histochemical methods to determine DA in
the GDC [36,37]. This powerful method gave
researchers an idea of the total cellular DA, but
did not indicate where in the cell all of the DA
was contained. Capillary electrophoresis with
electrochemical detection has allowed the do-
pamine concentration in the cytoplasm to be mea-
sured [32], the DA storage mechanism in the
GDC to be investigated [4], and the primary
amine content of the GDC to be determined [3].

2.1. Cytoplasmic dopamine concentration
To measure the cytosolic DA concentration, the

injection technique shown in Fig. 2(D) was used
to make single injections of as little as 50 pl of

cytoplasm from five individual GDCs. For a 200
um diameter, spherical cell, ~ 1% of the cyto-
plasm was removed with an injection of this mag-
nitude. It was found that DA was present in the
cytoplasm at 2.2 4+0.52 uM and that dihydrox-
yphenylacetic acid (DOPAC), a metabolite of
DA, was present at 5.4 + 1.2 uM. The value for
DA was in agreement with data obtained by
intracellular voltammetry which suggested that
DA was present at or below the detection limit of
the sensor of 1.9 + 0.3 uM [8]. These experiments
provided evidence that most of the cellular DA
was not accessible to the cytosol. Further infor-
mation concerning DA storage in the GDC was
provided by differential lysing experiments as de-
scribed below.

2.2. Investigation of somatic dopamine storage

Neuronal DA is thought to be stored in two
compartments: a functional compartment and a
non-functional compartment [38,39]. The func-
tional compartment contains newly synthesized
and uptaken DA that is ready for release. The
nonfunctional compartment contains long term
stores of dopamine and is thought to be used in
long term potentiation. CE-EC has been used to
study this hypothesis using the GDC as a model
system [4]. For this experiment, a whole GDC is
injected in the capillary as shown in Fig. 2(C).
The capillary is then transferred to the buffer
reservoir containing the separation buffer, a short
plug of this non-physiological buffer is pulled
over the cell, and the potential is turned off for 1
min. During this time, the cell begins to lyse and
the easily releasable, first compartment of DA is
released as a plug into the capillary. When the
separation potential is turned on again, the easily
released DA migrates toward the detector while
the DA in the non-functional compartment is still
contained within the cell at the entrance of the
capillary. Once the cell completely lyses, the non-
functional DA is free to migrate toward the detec-
tor. The resulting electopherogram is shown in
Fig. 3. Fig. 3(A) is a standard injection of DA,
catechol (a neutral molecule), DOPAC, and uric
acid. Fig. 3(B) shows two cationic peaks, a neu-
tral peak and an anionic peak. The most interest-
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Fig. 3. Separation of two compartments of dopamine: (A) Capillary electrophoresis separation of a standard solution containing
10~° M DA, Catechol (CAT), uric acid (UA), and DOPAC; injection volume was 3 nl based on EOF; separation capillary: 75-cm
long, 25-um i.d.; buffer: 25 mM MES at pH 5.65; separation potential, 25 kV; (B) Separation of components from an injected GDC
after lysing in the capillary tip for 60 s with buffer. Separation conditions the same as for (A). From Kristensen et al. [4], with
permission.

ing feature of Fig. 3(B) is the appearance of two dard run. There is considerable evidence that the
cations. It is apparent that the first peak in Fig. second cation is also DA and that together, these
3(B) elutes at the same time as DA in the stan- two cations represent the two storage compart-
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ments of DA. First of all, it is known that the
injected cell is the GDC based on its location in
the brain of the snail. The electrophoretic mobil-
ity of the first peak matches that of DA in the
standard injection, and if the wait time is in-
creased to 5 min, only a single peak is observed
due to complete cell lysis prior to the start of the
separation. Also, by incubating the GDC for 60
min in 10 pM reserpine (a vesicle depleting agent),
the amount of DA in the second peak is signifi-
cantly decreased. All of these data suggest that
DA is indeed stored in two compartments in the
GDC and that CE-EC can be used to investigate
this storage phenomenon. However, further evi-
dence for the identification of the second cation in
Fig. 3(B) is required.

Scanning electrochemical detection is well docu-
mented in separations [35,40—44]. Importantly, it
has been demonstrated for CE [35,44]. For scan-
ning electrochemical detection, the potential of
the electrode shown in Fig. 2(B) is scanned over a
range that will give the desired reaction for the
species of interest. Different species can result in
different current-potential traces thereby facilitat-
ing analyte identification. To identify the second
cation in Fig. 3(B), the two compartment model
experimental protocol described above has been
used with scanning electrochemical detection [44].

Fig. 4(A) is a standard electropherogram with
scanning electrochemical detection of DA and
catechol. This 3D plot shows a complete voltam-
mogram for each point in the electropherogram
with the gray scale indicating current intensity.
Fig. 4(B) is a plot similar to Fig. 4(A) except it is
from an injection of a single GDC after a 1 min
lyse time. Again, two cations are apparent. This
plot, unlike the data in Fig. 3, contains voltam-
metric data as well as an electrophoresis axis. It is
apparent from Fig. 4(B) that the voltammograms
of both cations are nearly identical in shape. The
similarity of the shape of the voltammetry is more
clear in Fig. 4(C), which shows background sub-
tracted voltammograms obtained from peaks 1
and 2 in Fig. 4(B). It is clear from the overlay that
the two voltammograms are almost identical. Al-
though the voltammogram for DA is not unique,
there are no other compounds known in the left
pedal ganglion of the brain of P. corneus that

would match the voltammetry shown in Fig. 4(C).
Therefore, this data strongly suggests that both
peaks represent DA from the cell. The two peaks
appear to represent two different compartments
of DA in this cell.

Taken together, the differential lysing data, the
reserpine pharmacology, and the scanning electro-
chemical detection, provide strong evidence that
the GDC stores DA in a way consistent with the
two compartment model. Other experiments in-
cluding pharmacological manipulation of DA
synthesis or inhibition of release of the first com-
partment should be possible and are currently
under investigation.

Thus far, CE-EC has been shown to be very
useful for the separation and quantification of an
easily oxidizable species such as DA. The selectiv-
ity of electrochemical detection allows the deter-
mination of relatively few analytes at low levels
present in a mixture of others that may be present
at high levels. This selectivity can also be viewed
as a drawback in that only those compounds that
are easily oxidized are readily analyzed by electro-
chemistry. However, some classes of compounds
that are not natively electrochemically active can
be made so by derivatization.

2.3. Amino acid profiling

Napthelene-2,3-dicarboxaldehyde (NDA) reacts
with primary amines in the presence of cyanide to
form a cyano[ f]benzoisoindole (CBI) derivative
which is both fluorescent and electroactive [45-
47]. Derivatization by NDA has been used to
detect amino acids in single cells, tissue prepara-
tions, and microdialysis by exploiting the elec-
troactive or fluorescent properties of the
derivatized product [3,48-55]. Oates and Jor-
gensen and Oates et al. were the first to use the
NDA derivatization reaction to profile amino
acids in an invertebrate, the snail Helix aspersia,
using microbore liquid chromatography with elec-
trochemical detection [50,51]. Their work and that
of Kennedy et al. [48], paved the way for amino
acid profiling of the GDC by CE-EC.

The early single cell derivatization experiments
have been performed in nl volume vials [48,49].
Single cells are isolated in the vial and then lysed.
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Fig. 4. (A) Three-dimensional electropherogram of the separtion of dopamine and catechol. Electrode potential is scanned from 0.0
to 1.2 V at a rate of 1 V s—!; (B) Three-dimensional electropherogram of the electrophoretic separation of the contents of a single
GDC; (C) Background-subtracted voltammograms obtained from peaks 1 and 2 in Fig. 4(B) and their overlay. Shown is the

voltammogram from 0.0 to 0.6 V vs. Ag/AgCl. From Swanek et al.

The contents of the cell are then derivatized in the
vial and a fraction of the solution is injected into
the capillary. Using the vials for reagent mixing
increases dilution of the cellular contents and
makes it necessary to use two internal standards

[44], with permission.

for quantification. For amino acid profiling of the
GDC, Swanek et al. [3] have used the on column
single cell derivatization procedure reported by
Gilman and Ewing [52]. For these experiments, a
single GDC is injected into the etched capillary
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entrance (Fig. 2(C)), the cell is lysed, and the
contents are derivatized by electrophoretically in-
troduced reagents. The derivatized primary
amines are then separated and detected by CE-
EC. By performing cell lysis and analyte deriva-
tization in the entrance of the capillary, dilution
effects are minimized and the need for internal
standards is eliminated.

Fig. 5(A) shows the electrophoretic separation
of NDA derivatized primary amines present in a
single GDC. Identification of the peaks in Fig.
5(A) is made by comparing the electrophoretic
mobility of each peak to that of a standard injec-
tion of primary amines shown in Fig. 5(B). Al-
though peak 3 shows considerable tailing and,
hence, peak broadening in Fig. 5(A), the mobility
of this peak matches that of DA. NDA-deriva-
tized DA appears to adsorb to the capillary lead-
ing to tailing in both the standard and cell
experimental runs. Peak 4 matches the mobility of
glycine in Fig. 5(B). Although peaks 5,6 and 7 do
not match up exactly, they are expected to be
DOPA (the metabolic precursor to DA), glutamic
acid, and aspartic acid, respectively. The fact that
peaks 5, 6, and 7 do not match exactly is likely do
to the slowing of EOF seen in other single cell
injections [32]. Quantification of primary amines
in the GDC is shown in Table 1. It is notable that
not all species are detected in each cell. The data
in Fig. 5(A) represent cell 2 in Table 1. The values
are much smaller than seen in other invertebrates
[48].

Although CE-EC is very useful for measuring
amounts of electrochemically active molecules in
the GDC, it is inherently a static technique.
Rapidly changing cellular events, such as exocyto-
sis, are not recognized by CE-EC. Other electro-
chemical techniques, voltammetry and
amperometry, can be used to directly measure
rapid changes in concentration of electroactive
neurotransmitters.

3. In vivo microelectrochemical characterization
of the GDC

Electrochemical measurements of neurotrans-
mitter concentration changes at single cells be-
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Fig. 5. (A) Electropherogram of a single dopamine neuron of
P. corneus (cell no. 2, Table 2) detected electrochemically after
on-column derivatization with NDA; (B) Electropherogram of
1.0 x 10~°> M amino acids run immediately before the cellular
injection. Conditions: capillary, 25-um i.d.; 85 cm length;
injection, 10 s at 10 kV to pull cell into capillary, 15 s at 10 kV
to pull derivatizing/lysing reagent over cell, 15 min to allow
cell to lyse and content to react; standard injection, 5 s at 5
kV; separation potential, 25 kV; separation buffer, 10 mM
borate, pH 9.0. Peaks have been identified as: 1, Arginine; 2,
unknown; 3, Dopamine; 4, Glycine. Peaks 5, 6,and 7 are
suspected to be DOPA, Glutamic acid, and Aspartic acid,
respectively, that have been slowed owing to a change in
electroosmotic flow during the cell separation. From Swanek
et al. [3], with permission.
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Table 1

Quantitation® of amino acid content from giant dopamine
cells removed from four P. corneus by capillary electrophoresis
with amperometric detection®

Cell 1 Cell 2 Cell 3 Cell 4
Arg® - - - -
DA 1.71 2.17 1.49 nd®
Gly 2.84 386 1.32 nd®
Dopa’ 4.62 2.64 7.07 14.7
Glu' 9.36¢ 26.5 13.8 18.0
Asp’ nd¢ 19.4 7.43 10.6

# From Swanek et al. [3], with permission.

® Amounts are presented in femtomoles (fmol).

¢ Arginine could not be quantitated due to interference from
other neutral species.

91In cell 1 glutamic acid and aspartic acid were not resolved
so the amount detected could be a contribution from both
species.

¢ The electropherogram for cell 4 had a large neutral peak
that obscured the peaks for DA and Gly.

fIdentification of dopa, Glu, and Asp is highly tentative as
it is based upon assumed 10% slowing of electroosmotic flow
in cellular separation (see text for details).

came a reality in the early 1990s [16]. The au-
thors used beveled carbon fiber microelectrodes
[56] in both the voltammetric and amperometric
mode to measure single exocytosis events from
individual cells in culture [57]. The use of the
ultra-small carbon fiber electrodes subsequently
has been exploited by other scientists studying
release of electroactive substances from various
neurons and hormonal cells [1,2]. Microelectro-
chemistry has been used to measure DA release
form the cell body of the GDC [5]. It is impor-
tant that the GDC is the only model, to date,
where release is measured from a single cell con-
tained in a living animal. Initial studies sug-
gested the existence of multiple classes of
vesicles, a hypothesis subsequently studied by
amphetamine pharmacology [7,58]. In addition,
DA release from the cell body of the GDC by
reverse transport has been measured using
voltammetric microelectrodes and has been used
to study the intracellular mechanism of action
of amphetamine [6].

3.1. Electrochemical measurements of vesicular
release from the cell body

Although neurotransmission is classically
thought to happen at the synapse, there is a
growing hypothesis that neurotransmitters are also
released from elsewhere in neurons [59—-66]. In fact,
vesicular release has been shown to occur from the
cell body of the GDC [5]. Fig. 6(A) shows the
experimental setup for measuring DA release, by
exocytosis, from the cell body of the GDC. For this
experiment, the brain of P. corneus is exposed and
the membranes covering the cells in the ganglion
are partially removed. A microelectrode is
micromanipulated up to the cell body with the aid
of a microscope. A pulled glass capillary containing
a stimulant, typically elevated potassium ion, is also
micromanipulated to within 10—15 pm from the
cell body. If the electrode is held at a constant
potential when the cell is stimulated by pressure
ejection of a chemical stimulant, all DA released
under the electrode by calcium dependent
exocytosis is immediately oxidized. The oxidation
produces a current-time trace as shown in Fig. 6(B).
Each vesicular packet of DA that is released
(exocytosis event) results in a current transient
characterized by a fast ( <4 ms) rise time and an
average base width of 14 ms. An expansion of the
time axis is shown in Fig. 7(C). Each of the current
transients represents a single vesicle fusing with the
cell membrane and releasing its contents into the
space between the cell and the electrode. It has been
confirmed by intracellular sodium injection that
release is from the GDC, not from other nearby
neurons or glial cells. The identity of the released
substance has been confirmed to be DA by
voltammetry and capillary electrophoretic
sampling and separation of the released substance
[5].

One particularly interesting aspect of the data in
Fig. 6 is that for most cells (24 out of 29), release
occurs in bursts as shown in Fig. 6(D). The reason
for this bursting pattern is presently unclear. One
explanation is that the bursting occurs because of
input from other cells. Others have shown
pacemaker-like action potentials or membrane
potential oscillations occur in molluscan and
mammalian cells [67-72]. This hypothesis is
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Fig. 6. Dopamine current transients detected by carbon fiber disk electrodes following cellular stimulation: (A) Schematic of a
carbon fiber placed on the top of the cell body of an in vivo Planorbis dopamine neuron and a stimulation pipette placed close to
the cell body; (B) An example of current transients recorded with the amperometric constant-voltage method. A large Planorbis
dopamine cell (diameter ~ 100 pm) was stimulated with a 4 s pulse (87 nl) of potassium chloride (1 M) delivered from a glass pipette
that was placed about 15 um from the cell body. The stimulation is shown by the horizontal bar below the trace; (C) Examples of
the expanded secretory events with base widths ranging from 4 to 40 ms and an average width of 14 ms (13 cells and 12324
transients). Data points were acquired every 1.0 ms and typical rise times were 2—4 ms; (D) Bursting release events were observed
in 24 out of 29 cells that showed release transients. The overall success rate for observation of current transients from cells sampled

was ~ 50%. From Chen et al. [5], with permission.

currently being tested by culturing the GDC,
whereby removing it from the animal, all synaptic
connections will be lost. Another possible expla-
nation for the bursting release is that it is con-
trolled by Ca?* oscillations within the GDC,
since Ca’?* entry is necessary for exocytosis to
occur, and intracellular calcium fluctuations have
been correlated to burst firing in neurons [73,74].
This hypothesis is currently being tested by con-
trolling Ca®* entry using selective calcium chan-
nel blockers.

One very useful aspect of amperometric detec-

tion of exocytosis events is that the data are easily
quantified. The number of moles of neurotrans-
mitter (N) is given by Faraday’s law, N = Q/nF
where Q is the charge (area under each current
transient), n is the number of electrons transferred
(two for DA), and F is the Faraday constant. By
calculating N for many release events, a histogram
of vesicle amount can be calculated and is shown
in Fig. 7(A). The most interesting feature of Fig.
7(A) is the bimodal distribution of vesicle
amount. There is a small distribution of vesicles
containing a small amount of DA and a broad
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Fig. 7. Histograms of the frequency of release events vs. the amount of neurotransmitter released: (A) Frequency vs. attomoles of
dopamine released (16 cells, 18456 events). Only release events with base widths less than 40 ms were considered. Based on the
results obtained from 16 cells, the average vesicle content was 1.36 +0.53 amol (mean + SD), equivalent to 818000 + 319 000
molecules of dopamine; (B) Frequency vs. the cube root of attomoles of dopamine released (16 cells, 18 456 events). From Chen et

al. [5], with permission.

distribution of vesicles with a larger amount of
DA. Interestingly, a similar histogram of vesicle
amount is seen in the serotonin containing leech
neuron [75] and electron microscopy has shown
that vesicle size distributions in the leech neuron
are characterized by a narrow distribution of
small vesicles and a wide distribution of large
vesicles [76]. The similarity of the sized distribu-
tions from electron microscopy and the vesicle
amount distributions from electrochemistry sug-
gest the possibility that the bimodal distribution
of vesicle amount is due to different distributions
of vesicle size.

Additional indirect evidence that the bimodal
distribution results from two distributions of vesi-
cle size is provided by a cube root of vesicle
amount histogram as shown in Fig. 7(B). If vesic-
ular DA is present at a uniform concentration,

and the vesicular volume is defined by a sphere,
then the size of the vesicles should be propor-
tional to the cube root of the amount. The his-
togram in Fig. 7(B) indeed shows two
distributions that appear to be Gaussian, which is
consistent with a Gaussian distribution of vesicle
radius as observed for other cells in culture [77].
This analysis has been used for other cell lines and
the standard deviation of the cube root distribu-
tion matches closely the standard deviation a
Gaussian distribution of vesicle diameter. The
early electron microscopy studies of P. corneus
vesicle size did not have sufficient resolution to
distinguish multiple size distributions [78]. There-
fore, electron microscopy studies of vesicle size in
the GDC are currently under investigation to
determine if the cube root hypothesis is correct
for P. corneus also.



B.B. Anderson, A.G. Ewing /J. Pharm. Biomed. Anal. 19 (1999) 15-32 27

The data presented here are significant to neu-
roscience in a number of ways. Microelectochem-
istry is the only technique currently available that
can measure exocytotic release of neurotransmit-
ter on the millisecond time scale. Although this
had been demonstrated in vitro, these studies are
the first obtained from a single intact neuron still
in the animal. Also, the GDC provides a model of
neurotransmitter release, by exocytosis, from the
cell body of a neuron, thus suggesting a more
direct role of the cell body in neurocommunica-
tion for certain neurons. In addition to exocytosis,
DA release from the GDC soma by reverse trans-
port has been documented.

3.2. Electrochemical measurement of reverse
transport from the GDC

Intracellular voltammetry experiments have re-
vealed that influx of DA into the GDC occurs via
a DA transporter [8]. This transporter also works
in reverse and has been used to investigate the
mechanism of action of amphetamine in increas-
ing extracellular DA [6].

There are two hypotheses for the cellular mech-
anism of amphetamine action. One hypothesis is
that amphetamine acts directly on the transporter
by competitive inhibition [79]. The other model
proposes that amphetamine acts as a weak base to
redistribute DA from vesicles to the cytoplasm by
collapsing the pH gradient that drives vesicular
DA accumulation [6,80,81]. Sulzer et al. [6] have
used electrochemistry to provide evidence that the
weak base model of amphetamine action is, at
least in part, responsible for DA release by reverse
transport from the GDC soma.

To show that release occurs by reverse trans-
port, a carbon ring electrode [82] has been micro-
manipulated to the surface of the cell in a way
similar to that shown in Fig. 6(A). Detection is
performed by voltammetry. A pulled glass capil-
lary containing 0.5 mM DA is inserted into the
cell and 4 pl is injected by pressure into the
cytoplasm. Fig. 8(A) shows the resultant rapid
increase in extracellular DA to a maximum con-
centration of 22.54+0.9 uM in 3.5 s. When the
physiological saline is replaced with nomifensine
(a specific blocker of the DA uptake transporter),

the extracellular increase in DA following similar
intracellular DA injections is attenuated by 87 +
4%. The increase in extracellular DA concentra-
tion increases to near control levels after removal
of the nomifensine solution. Fig. 8(B) shows
voltammograms taken following the first, second,
and fourth intracellular DA injections and
strongly suggests that the released substance is
DA.

To test the intracellular action of amphetamine,
8 pl of 100 mM amphetamine has been injected
into the cell and the external solution has been
monitored voltammetrically. Fig. 8(C) shows the
response at an electrode held at a constant poten-
tial of 0.8 V. There is a rapid increase in extracel-
lular DA following intracellular injection of
amphetamine to a maximum of 1.43 4+ 0.58 uM
(mean + SEM). Fig. 8(D) shows that the voltam-
metry of the released substance matches that for
an in vitro DA standard.

Since amphetamine is introduced intracellularly
in these experimetns, its action is a result of an
intracellular mechanism, not one affecting the DA
transporter itself. These data suggest that DA is
probably released into the cytosol by the weak
base action of amphetamine on the vesicles. The
higher cytosolic DA concentration subsequently
forces the transporter to work in reverse causing
an increase in extracellular DA. Since reverse
transport experiments suggest that amphetamine
redistributes DA from vesicles into the cytoplasm
and actually decreases the quantal size of PCI2
cell vesicles [6], and exocytosis experiments show
the occurrence of multiple classes of vesicles in the
GDC, one is led to question whether am-
phetamine has a preferential effect on one class of
vesicles.

3.3. Dose dependent effect of amphetamine on
two classes of vesicles in the GDC

Recent advances in ultrastructural analysis have
shown different types of vesicles are sometimes
co-localized in neurons [83—89]. They are often
referred to as small synaptic vesicles (SSV) and
large dense core vesicles (LDCV). It is generally
thought the SSV is ready for release and the
LDCYV acts as a storage container. However, a
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Fig. 8. Intracellular injection of dopamine or amphetamine induces reverse transport: (A) Intracellular injection of 4 pl of 0.5 mM
DA (arrows) reliably increases extracellular DA. During extracellular perfusion with 10 pM nomifensine (dashed line), the DA
release due to the same DA injections was markedly attenuated. Perfusion with nomifensine-containing medium and its replacement
by control medium produce current spikes (asterisks). These data have been baseline corrected by subtracting a curve fitted to the
background signal; (B) Background subtracted voltammograms (from — 0.2 to 0.8 V) for the first (solid circles), second (dashed
line), and fourth (solid line) intracellular DA injections shown in A; (C) Amphetamine (8 pl of 100 mM) was injected intracellularly
(arrow), thereby bypassing the uptake transporter, and the increase in extracellular DA measured. Similar levels of DA release were
found in three replications of the experiment using DC amperometry; (D) The shape of the voltammogram ( — 0.2 initial potential
to 0.8 V final potential) taken at the peak current value 14 s postinjection (filled circles) closely matched the voltammogram for a
DA standard (solid line). Calibration: /= 0.5 for the experiment and 31.5 for the standard. From Sulzer et al. [6], with permission.
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Fig. 9. The effect of amphetamine on two classes of vesicles in the GDC. Histograms (100 bins 0.024 amol/bin) are of the frequency
of release events vs. the cube root of attomoles of dopamine released per vesicle. The original data is represented by the solid line.
The small Gaussian (open circles), the large Gaussian (closed diamonds) and the sum of the large and small Gaussian (closed boxes),
as calculated by equation 1, are also presented in each histogram; (A) Control data (no amphetamine incubation) showing a
histogram representing data from 36 304 detected transients from 11 cells; (B) Histogram representing data obtained from seven cells
(25438 transients) after treatment with 10 pM amphetamine; (C) Histogram representing data obtained from four cells (2878
transients) after treatment with 50 pM amphetamine; (D) Histogram representing data obtained from five cells (8875 transients) after
treatment with 100 pM amphetamine. From Anderson et al. [7], with permission.

more detailed understanding of the occurrence of
co-localized vesicle types is necessary. Since the
GDC has been shown to contain multiple vesicle
types based on vesicle amount [5], and intracellu-
lar amphetamine redistributes vesicular DA to the
cytosol [6], it presents an ideal single cell model to
determine the effect of amphetamine on multiple
classes of vesicles during exocytosis [7,58].

A summary of the effect of amphetamine on
two classes of vesicles is shown in Fig. 9. The
histograms outlined in Fig. 9 have an abscissa of
cube root of vesicle amount. The rationale for the
cube root abscissa is discussed above. The solid
line represents the original data (normally the
bars in a histogram), and the closed boxes are a fit

of the entire data set to a double Gaussian func-
tion. The open circles and closed diamonds are
deconvoluted Gaussians for the small and large
distributions, respectively. For simplicity, this
manuscript will refer to the small distribution as
the small vesicles and the large distribution as
large vesicles. Although it might also be possible
to explain the bimodal distribution in terms of
differential packaging of DA in similarly sized
vesicles, the terminology large and small vesicles
will be used here.

Fig. 9(A) shows the histogram of the control
data (no amphetamine). The number of events in
the small Gaussian is 11% of the total number of
events and agrees with previous findings [58].
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Table 2

Comparison of the dopamine content of vesicles at the peak of each distribution following incubation with amphetamine®

Amphetamine Dopamine content in the large distribution Dopamine content in the small distribution
concentration (uM) (amol) (amol)
Control 1.13 0.13
10 0.91 0.13
50 0.78 0.083
100 0.78 0.097

4 From Anderson et al. [7], with permission.

When treated with 10 uM amphetamine, the num-
ber of small vesicles released from the GDC in-
creases to 14% of the total number of release
events, which is slightly greater than that of con-
trol. For 50 and 100 uM amphetamine treatment
the number of small events decreases to 8.8 and
2.4% of the total number of events (Fig. 9(C, D).
These data indicate that amphetamine at a low
dose primarily acts on the larger class of vesicles
while the small ones are resistant. It is possible
that the larger vesicles are depleted in a way that
they become small vesicles. Then, at high am-
phetamine concentration, the small vesicles are
virtually eliminated.

Even though it is not statistically different,
there is an apparent amphetamine dose dependent
shift in the midpoints of the Gaussians. Table 2
shows that, for low amphetamine concentration,
the midpoint of the small Gaussian is unchanged.
However, for 50 and 100 puM amphetamine, the
midpoint of the small distribution differs by at
least 25% from the control and 10 pM experi-
ments. For the large Gaussian, there is an appar-
ent dose dependent decrease in the amount of DA
as the amphetamine concentration is increased. In
agreement with other data, the mean content for
all release events for all concentrations of am-
phetamine studied is significantly different from
control.

One explanation for this action of amphetamine
on vesicles is that at low concentration it binds
with the vesicular DA transporter. At higher am-
phetamine concentration, the apparent dose de-
pendent depletion is likely due to alkalization by
the weak base model discussed above. These are
exciting data as they are the first evidence for a
differential effect of a psychostimulant on two

classes of vesicles and could provide a mechanism
to explain the dose dependent effect of different
psychostimulants on behavior.

4. Conclusions

It is obvious that electrochemistry, when used
alone or in conjunction with a microcolumn sepa-
ration technique, is extremely useful for single cell
analysis. The GDC provides an excellent single
cell model of neurotransmission for study by elec-
trochemical methodology. Many questions and
concepts important to neuroscience have been
strengthened or challenged by studying DA dy-
namics in and at the GDC. Exocytotic release of
DA from the cell body from multiple classes of
vesicles that have a differential sensitivity to am-
phetamine is important for several reasons. It is
an example of neurotransmission at a site other
than the synapse. It opens up the question of the
function of multiple classes of vesicles. It is possi-
ble that the differential effect of amphetamine on
multiple classes of vesicles could provide an expla-
nation for psychostimulant concentration depen-
dent behavior.

Reverse transport experiments allow the intra-
cellular mechanism of action of amphetamine to
be studied. These experiments provide strong evi-
dence that amphetamine primarily acts as a weak
base to redistribute DA from vesicles resulting in
transport of DA out of the cell, thereby increasing
the extracellular DA concentration. Another im-
portant aspect of the reverse transport experiment
is that it gives a likely explanation for how a
psychostimulant like amphetamine modifies be-
havior by increasing extracellular DA.



B.B. Anderson, A.G. Ewing /J. Pharm. Biomed. Anal. 19 (1999) 15-32 31

CE-EC allows the investigation of several static
chemical properties of the GDC. DA appears to
be stored in two distinct compartments in the
GDC and this appears to be consistent with ear-
lier experiments suggesting functional and reserve
compartments in whole animal studies. The cyto-
plasmic DA concentration as measured by CE-EC
is in agreement with the value estimated by in
vivo voltammetry. Additionally, primary amines
have been profiled in single GDCs with CE-EC
and primary amine derivatization with NDA.
Without the NDA derivatization, amines such as
amino acids are not readily detected by electro-
chemistry. Thus, CE-EC is a powerful tool to
examine the chemistry of single nerve cells. To-
gether, microelectrochemistry and CE-EC at the
GDC have provided new insights, as well as new
questions, about the chemistry and function of
nerve cells.
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