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Abstract

Objectives Evidence suggests that glutamatergic systems may be involved in the
pathophysiology of major depression and the mechanism of action of antidepressants. We
have investigated the effects of amitriptyline, a tricyclic antidepressant, on the activity of
the excitatory amino acid transporter type 3 (EAAT3), a protein that can regulate
extracellular glutamate concentrations in the brain.

Methods EAAT3 was expressed in Xenopus oocytes. Using a two-electrode voltage
clamp, membrane currents were recorded after application of 30 pum L-glutamate in the
presence or absence of various concentrations of amitriptyline or after application of
various concentrations of L-glutamate in the presence or absence of 0.64 pm amitriptyline.
Key findings Amitriptyline concentration-dependently reduced EAAT3 activity. This
inhibition reached statistical significance at 0.38-1.27 pum amitriptyline. Amitriptyline
0.64 um reduced the pharmacokinetic parameter V.., but did not affect the
pharmacokinetic parameter K,,, of EAAT3 for L-glutamate. The amitriptyline inhibition
disappeared after a 4-min washout. Phorbol-12-myristate-13-acetate, a protein kinase C
activator, increased EAAT3 activity. However, 0.64 um amitriptyline induced a similar
degree of decrease in EAAT3 activity in the presence or absence of phorbol-12-myristate-
13-acetate.

Conclusions Our results suggested that amitriptyline at clinically relevant concentrations
reversibly reduced EAAT3 activity via decreasing its maximal velocity of glutamate
transporting function. The effects of amitriptyline on EAAT3 activity may have
represented a novel site of action for amitriptyline to increase glutamatergic neuro-
transmission. Protein kinase C may not have been involved in the effects of amitriptyline
on EAATS3.
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Introduction

Glutamate is the principal excitatory amino acid neurotransmitter in the central nervous
system.“] Glutamate transporters (also called excitatory amino acid transporters, EAATS)
regulate glutamate concentrations in the synaptic cleft by transporting glutamate from
extracellular space to intracellular compartments under physiological conditions, which
can prevent extracellular glutamate accumulation and regulate glutamatergic neurotrans-
mission.>™! Alterations in EAAT functions have been suggested to play a role in several
acute and chronic nervous system diseases, such as psychosis, epilepsy and amyotrophic
lateral sclerosis.”® Five EAATs have been identified: EAAT 1-5." The transporting
functions of all five EAATSs are Na*-dependent. They use the transmembrane gradient of
Na*, K* and H" as the driving force for glutamate uptake.*”!

A growing body of evidence from preclinical and clinical research suggests that brain
glutamatergic systems may be involved in the pathophysiology of major depression and the
mechanism of action of antidepressants.lg_lz] Tricyclic antidepressants are commonly used
drugs for major depressive disorders and are also widely used in chronic pain states, such as
neuropathic and inflammatory pain."*~'>! The effects of tricyclic antidepressants have been
thought to be mediated mainly by inhibition of monoamine reuptake. However, recent
studies have suggested the involvement of the glutamatergic system in the action of these
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drugs.®1%171 Amitriptyline, a commonly used tricyclic
antidepressant, has been shown to regulate the mRNA
expression of EAAT3, the major neuronal EAAT, in rat
brain.!'”! However, it is not known whether tricyclic
antidepressants could affect EAAT activity. Thus, we have
designed this study to determine the effects of amitriptyline
on EAAT?3 activity by using the Xenopus oocyte expression
system.

Materials and Methods

Animal protocols

The animal protocol was approved by the Institutional
Animal Care and Use Committee at the University of
Virginia (Charlottesville, VA, USA). The recommendations
from the Declaration of Helsinki and the internationally
accepted principles in the care and use of experimental
animals were adhered to during the study. Mature female
Xenopus laevis frogs were purchased from Xenopus I (Ann
Arbor, MI, USA). All reagents, unless specified below, were
obtained from Sigma (St Louis, MO, USA).

Oocyte preparation and injection

As described by Do et al.'®! frogs were anaesthetized in
500 ml 0.2% 3-aminobenzoic acid ethyl ester in water until
unresponsive to painful stimuli (toe pinching) and underwent
surgery on ice. Oocytes were surgically retrieved and placed
immediately in modified Barth’s solution. The Barth’s
solution comprised (in mm): 88 NaCl, 1 KCl, 2.4 NaHCO3,
0.41 CaCl,, 0.82 MgSQy, 0.3 Ca(NOj3),, 0.1 gentamicin and
15 HEPES, with pH adjusted to 7.5. The oocytes were
defolliculated with gentle shaking for approximately 2 h in
calcium-free OR-2 solution. The OR-2 solution comprised
(in mm): 82.5 NaCl, 2 KCl, 1 MgCl,, 4 HEPES, and 0.1%
collagenase type Ia with pH adjusted to 7.5. The oocytes
were then incubated in modified Barth’s solution that did not
contain collagenase at 16°C for one day before the injection
of EAAT3 mRNA.

The rat EAAT3 complementary DNA (cDNA) construct
was provided by Dr M. A. Hediger (Brigham and Women’s
Hospital, Harvard Institutes of Medicine, Boston, MA, USA).
The cDNA was subcloned in a commercial vector (Blue-
scriptS Km). The plasmid DNA was linearized with a
restriction enzyme (Notl) and mRNA was synthesized
in vitro with a commercially available kit (Ambion, Austin,
TX, USA). The resulting mRNA was quantified spectro-
photometrically and diluted in sterile water. This mRNA was
used for the cytoplasmic injection of oocytes in a concentra-
tion of 40 ng/40 nl by using an automated microinjector
(Nanoject; Drummond Scientific Co., Broomall, PA, USA).
Oocytes were then incubated at 16°C in modified Barth’s
solution for three days before voltage-clamping experiments.

Electrophysiological recordings

Experiments were performed at room temperature (approxi-
mately 21-23°C). A single oocyte was placed in a recording
chamber that was <1 ml in volume and was perfused with
5 ml Tyrode’s solution/min. The Tyrode’s solution com-
prised (in mm): 150 NaCl, 5 KCl, 2 CaCl,, 1 MgSOy, 10
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dextrose and 10 HEPES, with pH adjusted to 7.5. Clamping
microelectrodes were pulled from capillary glass (10 ul
Drummond Microdispenser, Drummond Scientific Co.) on a
micropipette puller (model 700C; David Kopf Instruments,
Tujunga, CA, USA). Tips were broken at a diameter of
approximately 10 ym and filled with 3 m KCI obtaining
resistance of 1-3 M{2. Oocytes were voltage-clamped using
a two-electrode voltage clamp amplifier (OC725-A; Warner
Corporation, New Haven, CT, USA) that was connected to a
data acquisition and analysis system running on a personal
computer. The acquisition system consisted of a DAS-8A/D
conversion board (Keithley-Metrabyte, Taunton, MA, USA).
Analyses were performed with pCLAMP7 software (Axon
Instruments, Foster City, CA, USA). All measurements were
performed at a holding potential of =70 mV. Oocytes that did
not show a stable holding current less than 1 yA were
excluded from analysis. L-Glutamate was diluted in Tyrode’s
solution and superfused over the oocyte for 25 s (5 ml/min).
L-Glutamate-induced inward currents were sampled at
125 Hz for 1 min: 5 s of baseline, 25 s of L-glutamate
application and 30 s of washing with Tyrode’s solution. The
glutamate-induced peak currents were calculated to reflect
the amount of glutamate transported. We used 30 pum
L-glutamate, unless indicated otherwise, in this study because
the value of the pharmacokinetic parameter K, of EAAT3
for L-glutamate was shown to be 27-30 pum in previous
studies.['®19!

Administration of experimental chemicals

Amitriptyline was dissolved in methanol (Fisher Scientific,
Fair Lawn, NJ, USA) and then diluted by Tyrode’s solution
to the appropriate final concentration (10, 60, 120, 200, 280
or 400 ng/ml that corresponded to 0.032, 0.19, 0.38, 0.64,
0.89 or 1.27 um, respectively). In the control experiments,
oocytes were perfused with Tyrode’s solution for 4 min
before the application of Tyrode’s solution containing
L-glutamate for the electrophysiological recording. In the
amitriptyline-treated group, oocytes were perfused with
Tyrode’s solution for the first minute for stabilization
followed by Tyrode’s solution containing amitriptyline for
3 min before the application of Tyrode’s solution containing
L-glutamate for the electrophysiological recording. To
determine the reversibility of the effects of amitriptyline,
the responses to L-glutamate were assayed, oocytes were then
treated with 0.64 pm amitriptyline and the responses to
L-glutamate were recorded again. Subsequently, oocytes
were perfused with Tyrode’s solution for 4 min and the
responses to L-glutamate were measured for the third time.
To study the effects of protein kinase C (PKC) activation on
amitriptyline-induced change of EAAT3 activity, oocytes
were pre-incubated with 100 nm phorbol 12-myristate-
13-acetate (PMA), a PKC activator, for 10 min just before
the application of 0.64 um amitriptyline.

Data analysis

Responses are reported as mean + SD. Each experimental
condition was performed with oocytes from at least three
different frogs. Since the expression level of transporter
proteins in oocytes of different batches may vary, variability
in response among batches of oocytes is common. Thus,
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responses were normalized to the mean values of the same-
day controls for each batch. Similarly, in the reversibility
experiments, responses were normalized to the responses of
the same oocytes to 1 mm glutamate under control conditions
(before the amitriptyline treatment). This concentration of
glutamate was the highest concentration used to induce
EAATS3 activity and this normalization allowed us to pool
together data from different batches of oocytes for analysis.
Statistical analysis was performed by one-way repeated
measures analysis of variance (for the reversibility study) or
one-way analysis of variance (for all other experiments)
followed by the Tukey multiple comparison test. A P < 0.05
was accepted as significant.

Results

L-Glutamate (30 pum) induced no current in the oocytes
without injection of EAAT3 mRNA (data not shown) and an
inward current in oocytes injected with EAAT3 mRNA
(Figure 1). Our previous studies showed that this current was
mediated via EAAT3.1"8191 The glutamate-induced current in
oocytes expressing EAAT3 was not affected by 0.04% (v/v)
methanol, the solvent for amitriptyline (0.92 * 0.48-fold
compared with control, n = 11, P > 0.05). This concentration
of methanol was the highest concentration expected in the
Tyrode’s solution containing amitriptyline. While amitripty-
line alone did not induce any current in oocytes injected with
or without EAAT3 mRNA (data not shown), amitriptyline
concentration-dependently reduced EAAT3 responses with
an IC50 value (concentration required for 50% inhibition) of
0.11 pm (Figure 1). Since maximal inhibition was reached at
concentrations higher than 0.38 um, we used 0.64 um for
further experiments. The EAAT3 response to L-glutamate in
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Figure 1 Dose-response of amitriptyline inhibition of excitatory

amino acid transporter 3 responses to L-glutamate. The IC50 value for
this inhibition was 0.11 pm. Three typical current traces are shown at the
top of the figure. The short line above each current trace represents
the time of L-glutamate (30 pm) application. EAAT3, excitatory amino
acid transporter 3. Data are mean * SD, n = 27-48 in each data point.
*P < 0.05 compared with control.
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Table 1 Pharmacokinetic parameters of the excitatory amino acid
transporter 3 response to L-glutamate

Pharmacokinetic ~ Control Amitriptyline Tyrode’s washout
parameter

Vinax 1.20 £ 0.10  0.94 £ 0.10* 1.08 £ 0.10
K (M) 35+ 16 42+ 15 37t 14

The Michaelis—Menten elimination constants V., and K, were
measured. The excitatory amino acid transporter 3 (EAAT3) responses
to various L-glutamate concentrations were measured either before
(control) or immediately after amitriptyline treatment (amitriptyline),
and after a 4-min Tyrode’s perfusion (Tyrode’s washout). Data are mean *
SD, n = 6. *P < 0.05 compared with the corresponding values in the
control group.

the presence of 0.64 pMm amitriptyline was reduced by ~20%
(Figure 1).

Consistent with our previous studies, the value of K, of
EAAT3 for L-glutamate was 35 % 16 um (Table 1)./"%' This
K., value was not significantly affected by 0.64 pm amitripty-
line. However, amitriptyline significantly decreased the value
for Ve of EAAT3 for rL-glutamate (from 1.20 + 0.10 of
control group to 0.94 + 0.10 of amitriptyline group, P < 0.05).
This amitriptyline effect disappeared in oocytes perfused with
Tyrode’s solution for 4 min after amitriptyline treatment
(Figure 2).

Pre-incubation of the oocytes with 100 nm PMA, a PKC
activator, increased EAAT3 activity significantly compared
with the control (Figure 3). However, 0.64 M amitriptyline
caused a similar degree of decrease in EAAT3 response no
matter whether PMA was present (EAAT3 responses in the
amitriptyline groups were 0.84 = 0.32 and 0.78 % 0.34-fold
of the corresponding controls respectively in the presence or
absence of PMA, n = 24-45, P > 0.05).

Discussion

Antidepressants have been used for decades and their
therapeutic effects have been thought to be mediated by
inhibition of monoamine uptake. However, antidepressant-
like activity can be produced not only by drugs modulating
the glutamatergic synapses, but also by agents that affect
subcellular signalling systems linked to excitatory amino
acid receptors.[zm Since EAATSs can regulate extracellular
glutamate concentrations and glutamatergic neurotransmis-
sion, EAATs may be a target for antidepressants.'*!
Consistent with this idea, it has been shown that amitriptyline
regulates EAAT3 mRNA expression in rat brain.!'”]
Amitriptyline also blocks morphine-induced redistribution
of EAAT1 and EAAT?2, but not EAAT3, from the plasma
membrane to intracellular space in rat spinal cord and such
effects have been considered to play a role in the reduction of
morphine tolerance by amitriptyline.m]

Our results showed that amitriptyline concentration-
dependently reduced EAAT3 activity with an IC50 value
of 0.11 pum. This inhibition was statistically significant at
concentrations higher than 0.38 um. The exact amitriptyline
concentrations around EAAT3 in the brains of patients on
therapeutic doses of amitriptyline are not known. However,
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Figure 2 Effects of amitriptyline on excitatory amino acid transporter
3 activity. The excitatory amino acid transporter 3 (EAAT3) responses to
various L-glutamate concentrations were measured either before or
immediately after amitriptyline treatment, and after a 4-min Tyrode’s
perfusion. See Table 1 for the V.« and K,, values of the EAAT3
response to L-glutamate. Data are means + SD, n = 6 in each data point.
*P < 0.05 compared with the corresponding values in the control group.
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Figure 3 Effects of protein kinase C activation on excitatory amino
acid transporter 3 activity. Excitatory amino acid transporter 3 (EAAT3)
activity was observed in the presence or absence of 0.64 pM amitripty-
line. Oocytes were either exposed to 100 nm phorbol-12-myristate-
13-acetate (PMA, a protein kinase C activator) for 10 min or not before
they were stimulated by 30 pm L-glutamate in the presence or absence of
amitriptyline. The dotted line represents the mean value of the control
group. Data are means = SD, n = 24-45 in each data point. *P < 0.05
compared with control; P <0.05 compared with PMA alone; P <0.05
compared with amitriptyline alone.

the therapeutic range of plasma concentrations of amitripty-
line for depression is 0.3-0.8 ,LLM.lzzJ In humans the
concentration ratio of amitriptyline in the cerebral spinal
fluid vs blood is ~0.3.”* Thus, the therapeutic range of
amitriptyline concentrations in the cerebral spinal fluid may
fall into the effective concentrations that could inhibit
EAAT3 activity. In addition, it has been estimated that the
amitriptyline concentrations in the brains of patients on
therapeutic doses is approximately 1-10 M, concentrations
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that are high enough to maximize the inhibitory effects of
amitriptyline on EAAT3 activity as shown in our study.ml
Thus, our results suggested that amitriptyline at clinically
relevant concentrations could inhibit EAAT3 activity.

Our results showed also that amitriptyline reduced the
Viax but did not affect the K, of EAAT3 for L-glutamate.
This suggested that amitriptyline did not affect the affinity
of EAATS3 for L-glutamate but decreased the total EAAT3
available for transporting glutamate. Interestingly, the
amitriptyline-decreased EAAT3 activity recovered after a
short washout, indicating that the amitriptyline effect was
reversible. It has been proposed that amitriptyline, by
inhibiting the uptake of monoamines, could increase
serotonin in the synaptic cleft, which could then activate
the glutamatergic synapses and increase the amount of
glutamate in the synaptic cleft.*>! Our results suggested that
direct inhibition of EAAT activity may have been another
mechanism for amitriptyline to increase glutamate concen-
trations in the synapses. Since reduced glutamate levels are
seen in anterior cingulated cortex of patients with depression,
the inhibition of EAAT activity by amitriptyline may have
contributed to its antidepressant effects. "

It has been shown that the loss of EAAT3 produced mild
neurotoxicity and induced epilepsy.”*®’ Therefore, inhibition
of EAAT3 activity by amitriptyline may have caused
neurotoxicity. However, this effect may not have occurred
for the following reasons. Firstly, EAATS other than EAAT3
may have partially compensated the function of EAATS3.
Secondly, the maximal inhibition of EAAT3 activity by
amitriptyline was ~20% and this ceiling effect may have
safeguarded the degree of glutamate increase in the synaptic
cleft. Finally, amitriptyline has been shown to block
N-methyl p-aspartate (NMDA)-induced toxicity, although
the EDS50 (effective dose, 50%) for this protection was
~7 pm, higher than the concentrations needed to inhibit
EAAT3 activity in this study.'*”!

Multiple studies have shown that PKC activation could
increase EAAT3 activity and amitriptyline could inhibit
PKC.!'82128291 Thys, it was possible that the amitriptyline
effects on EAAT3 activity may have been mediated by PKC.
Our results showed that the degree of inhibition of EAAT3
activity caused by amitriptyline at 0.64 M, a concentration
that had maximized its effects on EAAT3 activity, was not
affected by PMA. These results suggested that the amitripty-
line-induced reduction of EAAT3 activity was not mediated
by PKC. Consistent with this idea, our previous studies
suggested that PKC may not have played an important role in
regulating the basal EAAT3 activity because PKC inhibition
did not affect the basal EAAT3 activity.“s’m

EAATS use the transmembrane gradient of Na*, K* and
H* as the driving force for glutamate uptake.'*”! Drugs may
have affected the gradients of these ions to change EAAT
activity. It is known that amitriptyline can block sodium
channels.®®) This effect would hyperpolarize the cell
membrane and could increase the transmembrane gradients
of sodium. Consequently, the EAAT3 activity would be
expected to increase. This expectation was in contrast to our
results. Thus, the effects of amitriptyline on sodium channels
may not have contributed to the inhibition of EAAT3 activity
caused by amitriptyline.
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Conclusions

Amitriptyline, a tricyclic antidepressant, dose-dependently
inhibited EAAT3 activity via reducing the V., of EAAT3
response to L-glutamate. This effect represented a novel site
of action for amitriptyline to increase the glutamatergic
neurotransmission. PKC may not have been involved in this
effect of amitriptyline.
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