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Introduction

Gabapentin (brand name Neurontin, (1-aminomethyl-
cyclohexyl)-acetic acid), a substituted γ-amino acid, and its 
more potent successor Pregabalin (brand name Lyrica, S, 
-3-(aminomethyl)-5-methylhexanoic acid) are anticonvulsant 
drugs used in several neurological and psychiatric disorders 
including fibromyalgia, generalized anxiety disorder and as an 
adjunctive therapy in adults with partial seizures.1 Both com-
pounds are part of a family of GABA analog drugs  generically 
called Gabapentinoids (GBPs). They were synthesized to 
mimic the chemical structure of the inhibitory neurotransmit-
ter γ-aminobutyric acid (GABA) with the goal of increasing its 
lipophilicity to improve its penetration into the central nervous 
system while retaining a similar pharmacology. However, it is 
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Gabapentin and pregabalin are anticonvulsant drugs that are 
extensively used for the treatment of several neurological 
and psychiatric disorders. Gabapentinoids (GBPs) are known 
to have a high affinity binding to α2δ-1 and α2δ-2 auxiliary 
subunit of specific voltage-gated calcium channels. Despite 
the confusing effects reported on Ca2+ currents, most of 
the studies showed that GBPs reduced release of various 
neurotransmitters from synapses in several neuronal tissues. 
we showed that acute in vitro application of pregabalin could 
reduce in a dose dependent manner synaptic transmission 
in both neuromuscular junctions and calyx of Held-MNTB 
excitatory synapses. Furthermore presynaptic Ca2+ currents 
treated with pregabalin are reduced in amplitude, do not show 
inactivation at a clinically relevant low concentration of 100 μM 
and activate and deactive faster. These results suggest novel 
modulatory role of acute pregabalin that might contribute 
to better understanding its anticonvulsant/analgesic clinical 
effects.
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accepted that they do not act on the GABA receptors. They are 
not converted to GABA or a GABA agonist and they are not an 
inhibitors of GABA uptake or degradation.2,3 Both compounds 
also differ from GABA because they readily cross membrane bar-
riers via L-amino acid transporters.4 Additional substances, iden-
tified by their inhibitory potencies in [3H]-GBP-binding assays, 
have also been described in the literature.5

Multiple mechanisms of action have been proposed to account 
for the effects of these drugs.2,6 However, the mechanisms of 
action of the antiepileptic and antinociceptive drugs of the 
gabapentinoid family have remained poorly understood. In this 
review, we summarize and discuss the recent findings that help to 
better understand the mechanisms of action of the acute applica-
tion of GBPs on synaptic transmission in peripheral and central 
nervous system.

Ligand Binding Site

Research conducted over the last decades has shown that GBPs 
exert their pharmacological effects through their high-affinity 
binding to the α

2
δ auxiliary subunit of specific voltage-gated cal-

cium channels (VGCC).5,7-9

The pharmacological target of gabapentin was initially found 
by studying the binding of [3H]-gabapentin in rat brain mem-
branes10 (K

d
~40 nM) and the autoradiographic labeling of brain 

tissue.11 In addition to the brain, [3H]-gabapentin binds to skel-
etal muscle tissue although no skeletal or cardiac muscle function 
is altered by GBPs.7,12 Fractionation of solubilized brain mem-
branes identified the [3H]-gabapentin receptor as the α

2
δ subunit 

of calcium channels.7

VGCC are transmembrane proteins that play key roles 
throughout the body in controlling muscle contraction, neu-
rotransmitter and hormone release, gene expression and cellular 
differentiation. Calcium channels comprise a series of polypep-
tides including the principal α1 subunit, as well as β and α

2
δ 

auxiliary subunits in a 1:1:1 stoichiometry.13 Mammalian genes 
encoding ten α1 subunits, four α

2
δ subunits and four β subunits 

have been identified (reviewed in ref. 14). Calcium channel het-
erogeneity is generated by distinct assembly profiles between 
these subunits and/or by alternatively spliced variants.15 The 
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site (the α
2
δ subunit of VGCCs)30 and both are substrates for 

the L-amino acid transporter system. Several in-vitro studies 
have used this aminoacid to revert the effect of GBPs and when 
L-isoleucine is applied together with gabapentin or pregabalin, it 
reduces the activity of both compounds.33 Some examples of these 
studies are the following: (1) L-isoleucine blocks gabapentin-
mediated decrease of evoked and miniature excitatory postsyn-
aptic potentials in rat entorhinal cortex slices;34( 2) L-isoleucine 
blocks the action of pregabalin on vesicle release35 at cultured 
hippocampal neurons; (3) L-Isoleucine but not D-Isoleucine, 
blocked the inhibitions of K(+)-evoked [3H]-noradrenalin on 
the release of neurotransmitters in human neocortical slices;36 
(4) L-isoleucine antagonized K(+)-evoked release of [3H]-GABA 
and [3H]-glutamate from superfused human neocortical synap-
tosomes;37 (5) the presynaptic calcium current inhibited by PGB 
at the calyx of Held was partially recovered by L-Isoleucine.38 
Furthermore, these amino acids are present in human cerebro-
spinal fluid and could consequently modulate presynaptic func-
tion or alter activities that would otherwise occur with α

2
δ drugs, 

including direct competition with GBPs and a reduction of their 
potency.30

GBP Interaction with Other Sites

Although compelling evidence indicates that α
2
δ subunits are 

major binding proteins for pregabalin in spinal cord and other 
brain areas it remains to be determined whether an interaction 
with high-voltage-activated calcium channels is sufficient to 
account for the broad-spectrum of activities of gabapentin and 
pregabalin.

L-amino acid transporter. An intracellular action of pregaba-
lin mediated by the L-amino acid transporter has been suggested, 
which would be responsible for the drug absorption through the 
gastrointestinal tract and for its distribution after crossing the 
brain blood barrier.39 However L-Leucine did not affect the anti-
nociceptive effects of intrathecal administration of gabapentin in 
a pain model.40 The fact that some gabapentin analogues that 
did not bind to the L-amino acid transporter had an anticonvul-
sant effect in-vivo via intraventricular application (but not orally) 
indicates that the L-amino acid transporter may be important to 
activate the transport of GBPs through the blood brain barrier.41

Neurotransmitter receptors. The effects of GBPs on inhibi-
tory (GABA and glycine) and excitatory (N-methyl-D-aspartate 
(NMDA) and non-NMDA) amino acid neurotransmitter recep-
tors were studied in cultured rodent neurons using intracellular, 
whole cell or single channel recording techniques. Gabapentin 
did not have a significant effect in any condition when tested 
at or above therapeutic concentrations for humans.42 However, 
more recent patch-clamp studies revealed that gabapentin sig-
nificantly inhibited the NMDA receptor-activated ion current 
in dissociated hippocampal CA1 neurons. These results show 
that gabapentin may exert protective effects against glutamate-
induced neuronal injury at least in part by inhibiting the NMDA 
receptor-activated ion current.43

It has also been proposed that gabapentin acts as an agonist 
on a subtype of GABA (B) receptors.44-46 However this was not 

skeletal muscle calcium channel complex identified from initial 
purification studies is also composed by the γ subunit but this 
subunit does not appear to be part of the brain calcium channel 
complex.16,17

The α
1
 subunit contains 24 transmembrane domains, where 

the voltage sensor and ion channel are located. This subunit 
determines the main biophysical and pharmacological proper-
ties of the channel. The β subunit is a peripheral membrane pro-
tein that interacts with a cytoplasmic loop from the α1 subunit 
(reviewed in ref. 18). The α

2
δ polypeptide is post-translationally 

cleaved to form α
2
 and δ subunits which are both heavily glyco-

sylated and are linked together by a disulfide bond. It was con-
sidered that the δ subunit spans the membrane once and binds 
to the extracellular α

2
 subunit.19 However there is new evidence 

that the δ subunit may in fact be a glycosylphosphatidylinositol 
(GPI)-anchored extracellular protein.20

The auxiliary α
2
δ and β subunits dramatically enhance traf-

ficking of the principal α subunit to the cell surface.21 Also, these 
auxiliary subunits modify calcium channel gating.23 The α

2
δ 

subunit accelerates channel activation and inactivation and exerts 
a hyperpolarizing shift in the current-voltage relationship.21,24

Of the four known subtypes of α
2
δ, only α

2
δ-1 and α

2
δ-2, 

but not α
2
δ-3 or α

2
δ-4, bind pregabalin and gabapentin.7,25,26 A 

structural domain in the α
2
 subunits was identified by sequence 

homology as a von Willebrand factor type A domain, a site 
known to mediate a divalent cation dependent interaction with 
extracellular matrix proteins.27 The α

2
δ-3 or α

2
δ-4 subunits do 

not contain the motif that is the key to gabapentin binding.7,25,26 
The binding affinity of [3H]-gabapentin for α

2
δ is enhanced sev-

eral folds in lipid rafts28 and after removing endogenous small 
molecules ligands such as L-leucine or L-isoleucine which might 
normally occupy the site to which gabapentin binds.29,30

Further proof that α
2
δ mediates the effects of gabapentin 

was derived from targeted point mutations in the α
2
δ subunit. 

A single amino acid substitution of the arginine residue at posi-
tion 217 with alanine (R217A) on the α

2
δ-1 protein reduced 

[3H]-gabapentin binding in-vitro25 and in a strain of genetically 
modified mice homozygous for the mutation.31 Saturation bind-
ing and autoradiography studies in R217A mice demonstrated a 
pronounced decrease in [3H]-gabapentin binding to areas where 
α

2
δ-1 is preferentially expressed (neocortex, hippocampus, baso-

lateral amygdala and spinal cord), but little change occurs in 
binding to cerebellum and brainstem, which are dominated by 
α

2
δ-2.32 Additionally, analgesia from pregabalin, but not from 

opiates or tricyclic antidepressants, was abolished in the R217A 
knock in mice indicating that binding to the α

2
δ-1 subtype is 

required to achieve pain relief.31

Competition with the Gabapentinoid Binding Site: 
L-Isoleucine

Given the close structural resemblance between some  endogenous 
aminoacids (i.e., L-leucine, L-isoleucine) and α

2
δ drugs (i.e., 

GBPs), these amino acids might be considered as key tools to 
analyze the specificity of action of GBPs. L-Isoleucine and pre-
gabalin have approximately equal affinity to the same binding 
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channels expressed in Xenopus oocytes, that Ba2+ currents are not 
affected by acute treatment with 30 μM of gabapentin, although 
it slows down the kinetics of inactivation in a dose-dependent 
manner after chronic exposure to the drug.71 The failure to 
shown an effect on these calcium currents could be caused by the 
fact that recombinant channels lack several interacting proteins 
(e.g., syntaxin, synaptotagmin and β subunits), which are found 
at synapses. Alternatively, the use of Ba2+ instead of Ca2+ as an 
ion carrier could have masked the effect of the GBPs on a Ca2+-
dependent inactivation.

Electrophysiological recordings have failed to detect any acute 
gabapentin-mediated change in Ca2+ channel currents recorded 
from hippocampal neurons taken from patients with temporal 
lobe epilepsy.72 Also, there was no effect of GBPs on Ba2+ currents 
from Purkinje cells, despite the fact that these cells are known 
to express α

2
δ-2 as their predominant α

2
δ subunit.18,23 Similarly, 

negligible inhibition of Ca2+ channel activity was observed in 
PC12 cells after acute treatment, but a significant decrease in 
Ca2+ current amplitude was promoted by chronic exposure to 
GBPs.73

On the other hand, there are many reports with direct and 
indirect evidence showing that GBPs do affect Ca2+. Acute appli-
cation of GBPs has been demonstrated to inhibit L-type Ca2+ 
currents in isolated rat neurons,69 but these studies have not 
yet been confirmed on rat dentate gyrus,74 mouse skeletal myo-
tubes,75 and neuronal N-type currents of cultured rat dorsal root 
ganglion neurons.47

It was reported that the sensitivity of Ca2+ currents to gaba-
pentin is greatly influenced by the relative amount of α

2
δ mes-

senger RNA (mRNA) present in cells, presumably as a result of 
an increased incorporation of specific subunits in the expressed 
Ca2+ channel complexes.70 The physiological state of the cells 
also influences the effects of GBPs on Ca2+ currents from DRG 
cells. GBPs significantly reduced whole cell Ca2+ current ampli-
tude at positive membrane potentials when a pulse preceded the 
test pulses or when cells were stimulated with a train of pulses. 
In control cells, neither pre-pulse depolarization nor pulse trains 
reduced Ca2+ currents at positive potentials.75 GBPs, adminis-
trated at clinically relevant concentrations, resulted in significant 
reduction of Ca2+ currents in both sham and neuropathic DRG 
primary afferent neurons, while in non-operated rats reduced 
Ca2+ current to a smaller degree.58 Some of these differences 
among different studies may be explained by the changes in the 
expression and sensitivity to pharmacological blockades observed 
in genetically modified mouse that overexpress α

2
δ type-1.76

Acute Modulation of Neurotransmitter Release

Despite the puzzling effects of GBPs on Ca2+ currents most of 
the studies where the effect of these compounds on transmitter 
release were analyzed showed a reduced release of various neu-
rotransmitters from synapses in several neuronal tissues.32

Pregabalin has been previously used in a broad range of 
concentrations (0.25 μM to 1 mM34,60,77). Pharmacokinetics 
showed that single in-vivo pregabalin dose administration to 
patients reached clinical plasma concentrations to 120 μM,78 

confirmed using binding assays and searching for agonist effects 
on hippocampal slices.47 Furthermore, it has been reported that 
the effect of gabapentin persists in the presence of the GABA (B) 
antagonist, saclofen.48

Na+ channels. It has been shown that neither the binding of 
[3H]-batrachotoxin to rat brain membranes49 nor the Na+ cur-
rents in transfected ovary50 nor the Ca2+ influx into brain syn-
aptosomes induced by veratridine, are affected by GBPs.51 After 
acute exposure to these compounds, no effect was observed on 
the repetitive firing of Na+ dependent action potentials of cul-
tured spinal cord and neocortical neurons.52-54 GBPs were found 
to have no effect on neuronal Na channels in a variety of neu-
rons.42,55 However, in neuropathic rats these drugs suppressed 
ectopic discharges from injures sciatic nerves and decreased the 
number of action potentials during depolarization in injured dor-
sal root ganglion (DRG) neurons.53,54,56 These results suggest that 
GBPs might partly exert its analgesic effect by affecting the Na+ 
channels of injured nerves. This difference in the efficiency of 
GBPs might be related to changes of Na+ channels type expres-
sion associated to nerve injury.57

K+ channels. Controversial data have been reported on the 
effect of GBP on ATP sensitive potassium channels.58,59 An 
enhancement of voltage activated potassium current in DRG 
neurons via protein kinase A was suggested.60 In addition to 
the effect on potassium channels GBP has also been shown to 
modulate the hyperpolarization-activated cation current (Ih).61 
Surges61 reported that gabapentin increased Ih in rat CA1 pyra-
midal cells through a cAMP-independent mechanism resulting 
in a several milivolts depolarization of membrane potential. This 
effect was proposed to contribute to the antiepileptic effect of 
GBP by decreasing the sensitivity to excitatory inputs.62 However, 
Cheng63 published that gabapentin did not produce any depolar-
ization in ventrolateral neurons of rat periaqueductal gray slices.

Acute Modulation of Ca2+ Channels

Ca2+ channel α
2
δ-1 and α

2
δ-2 subunits were proposed to be the 

main site of action of GBPs.64 Since individual α
2
δ subtype may 

associate (or form complexes) with different α1 VGCC,23 it is 
expected that GBPs should affect various types of Ca2+ channels 
depending on the tissue and/or cell studied. In fact the expression 
of α

2
δ subunit mRNA containing cells mapped by in situ hybrid-

ization method shows that specific labeling of the different α
2
δ 

subunits type was widely, although differentially, distributed in 
neurons in the brain, the spinal cord and the DRG.65 Therefore 
it is not surprising that gabapentin effect is not similar in all cell 
preparations a finding which may reflect a biovariability in the 
target binding interactions of GBPs.

Several reports indicate that GBPs reduced the cellular influx 
of Ca2+ via VGCC in synaptosome fractions prepared from 
brain tissue.66-68 GBP application results in acute inhibition of 
Ca2+ currents, particularly L-type Ca2+.69,70 However, in most 
studies, acute inhibition by GBPs is either minor or absent.18 
Similarly studies with recombinant VGCC have failed to show 
any acute effects of gabapentin on channel function. In fact 
Kang71 showed, through neuronal recombinant P/Q-type Ca2+ 
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GBPs suggesting that these drugs might affect a Ca2+  independent 
release mechanism.33,34,91

Pregabalin Modulation of Neuromuscular Transmitter 
Release: A Model of Synaptic Transmission Mediated 

by P/Q-type Calcium Channels

The α
2
δ-1 subunit is the neuronal Thrombospondin (TSP) 

receptor that is required for central nervous system synapse for-
mation.92 Muscle cells are rich in Thrombospondin-4 (TSP-4)93 
and α

2
δ-1.9 Both TSP-4 and α

2
δ-1 proteins appear to accumu-

late in the postsynaptic area of neuromuscular junctions (NMJ) 
or muscle, respectively. There is an absence of detectable levels 
of TSP-4 mRNA in spinal motoneurons93 and only mRNA 
α

2
δ-3 is densely expressed in the cell bodies located at the ven-

tral horn of spinal cord.65 Since, the proteins α
2
δ-3 and 4 are 

known to not bind gabapentin,23,94 the role of TSP-4-α
2
δ inter-

actions is unclear. In addition, an acute gabapentin dose of 300 
μM did not affect basic electrophysiological parameters at either 
adult wild-type or ducky (du) neuromuscular transmission.95

According to these results, adult motor nerve terminals 
should be insensitive to gabapentinoids. However, preliminary 
data from our group showed clear effects of pregabalin, affecting 
presynaptic parameters during neuromuscular transmission. We 
used intracellular recordings to study neuromuscular transmis-
sion, as previously described in reference 80 and 96. The min-
iature Endplate Potentials (mEPPs) did not show any change 
in amplitude after acute bath application of 1 mM pregabalin. 
Mean mEPPs frequency was significantly increased (2 ± 0.5 and 
4.3 ± 1.2 Hz, in control and pregabalin conditions, respectively; 
Student’s-t-test, p < 0.05, n > 7 NMJ). Thus, suggesting that 
pregabalin did have a presynaptic, but not postsynaptic action 
at mice neuromuscular junctions. Further indications of a pre-
synaptic pregabalin action were obtained during nerve stimu-
lation at high frequency (100 Hz, 30 stimuli). Indeed, the 100 
Hz-induced depression of endplate potentials that normally fol-
lows a single exponential decaying time course, was changed by 
pregabalin (500 μM) to a biphasic facilitation-depression time 
course. Moreover, both increment in spontaneous mEPPs fre-
quencies and initial facilitation during 100 Hz trains of nerve 
stimulation suggest a pregabalin-mediated effect on calcium 
channels influx at presynaptic neuromuscular terminals.

Pregabalin Modulation of Neurotransmitter Release 
and P/Q-type Calcium Channels at the Central 

Nervous System Synapse

In order to determine the action of pregabalin in a preparation 
where presynaptic Ca2+ currents as well as transmitter release 
could be investigated in detail we studied the effect of pregaba-
lin on the calyx of Held-Medial Nucleus of the Trapezoid Body 
(MNTB) synapse. As we shown at the NMJ, at the calyx—
MNTB synapse the amplitude of the miniature excitatory post-
synaptic currents (EPSCs) were not affected while the amplitudes 
of EPSCs were reduced in a dose dependent manner with a maxi-
mal effect of 30% inhibition at 500 μM of pregabalin.

while higher concentrations such as 500 μM were expected after 
multiple doses (plasma half-life ~6 hours77). Furthermore, gaba-
pentin was suggested to be 4- to 8-fold more concentrated in 
the brain than in blood plasma.2,79 Finally, different effective 
concentrations of GBPs might be observed in different synap-
tic preparations (hippocampus, trigeminal nucleus, neuromus-
cular junctions, etc.,) according to their differential interaction 
with α

2
δ auxiliary subunit and synaptic proteins. Both, P/Q 

type (Ca
V
2.1) and N-type (Ca

V
2.2) channels are implicated in 

transmitter release early during development. However, in more 
mature cells, the P/Q-type Ca2+ channels become predominant, 
as shown at peripheral and central nervous system synapses.80-83 
P/Q type channels have been implicated in the effect of GBPs 
on K+-evoked release of noradrenaline and glutamate in rodent 
spinal cord and cortical slices.33,48,84 N-type channels mediating 
excitatory postsynaptic potentials in rat hippocampal slices are 
sensitive to GBPs.85 By contrast, L-type channels, not typically 
involved in neurotransmission, are not sensitive to GBPs even 
in conditions were they mediate K+-evoked [3H]-noradrenaline 
release by L-type activators.48 Whether α

2
δ ligands differentially 

target these VGCC to modulate the release process requires 
 further investigation.

Neurochemical experiments provided the first evidence to 
suggest that GBPs can alter neurotransmitter release by mea-
suring electrically evoked, Ca2+-dependent [3H]-monoamine 
release from rat neocortical slices or rabbit striatal slices.86,87 
More recently GBPs were tested on veratridine-, electrical- and 
K+-evoked stimulation using rat neocortical slices pre-labeled 
with [3H]-norepinephrine. The inhibition by these drugs was 
most pronounced with the K+ stimulus and absent with veratri-
dine-evoked release.48

The GBP effect on K+-evoked release of pre-labeled 
 neurotransmitters was also studied in human neocortical 
slices. A significant inhibition of K+-evoked [3H]-acetylcholine, 
[3H]-noradrenaline and [3H]-serotonin release (between 22% 
and 56%) was observed without affecting [3H]-Dopamine 
release. The GBPs were ineffective in the presence of the putative 
α

2
δ antagonist L-isoleucine but not with the D-enantiomer.36

Capsaicin-evoked substance P and calcitonin gene-related 
peptide (CGRP) release from rat spinal cord slices were also not 
altered by GBPs in non-inflamed animals.88 Gabapentin was 
shown to increase the ratio between background synaptic inhibi-
tion to excitation and to decrease neuronal excitability in neurons 
of the rat entorhinal cortex in vitro.89 In agreement with a small 
effect of GBPs, K+-evoked glutamate release from rat neocortical 
and hippocampal slices has been reported (11–26%).90 However, 
GBPs had no effect on exocytotic [3H]-glutamate release from 
human neocortical synaptosomes but were capable of substan-
tially reduced K+-evoked [3H]-GABA release.36 Thus these exper-
iments do not support the hypothesis that the anticonvulsant 
action of GBPs is exerted via inhibition of glutamate release.

In contrast, electrophysiological studies using gabapentin and 
pregabalin substantiated reductions in glutamate and glycine 
release in neocortical, hippocampal and spinal cord slices.33,68,84,85 
Furthermore, several reports showed that asynchronous release 
which occurs without presynaptic action potentials is reduced by 
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environment, the state of the Ca2+ channels and the levels of 
expression and type of their auxiliary subunits.

Drastic changes on neuronal environment appeared to have an 
impact on GBP effects. Indeed, PGB-mediated alterations were 
enhanced by conditions like prolonged depolarization, inflam-
mation, hyperexcitability or activation of protein kinase C and 
adenylcyclase.48,88,91,97,98

Thus, the apparent lack of acute effects of GBPs might be eas-
ily challenged by characterizing their effects on animal models 
of different diseases. Synaptic transmission under pathological 
states of α

2
δ subunits expression should be more reactive to GBPs 

than under baseline, control conditions.
In conclusion, future directions to understand GBPs effects 

should consider the existence of a novel mechanism whereby 
GBPs have a less effect on physiological transmitter release but 
significantly affect ‘sensitized’ or ‘abnormal’ neurotransmitter 
release.
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We studied the presynaptic action of pregabalin on Ca
V
2.1 

(P/Q-type) calcium channels under whole cell voltage clamp con-
ditions at the presynaptic calyx of Held38 nerve terminal. A clini-
cal high-concentration dose of pregabalin (e.g., 500 μM) blocked 
Ca

V
2.1 channel-mediated currents evoked by both depolarizing 

voltage square pulses and ramp protocols, without changing their 
voltage-dependent activation. Most interestingly, pregabalin at 
both 100 μM and after 500 μM was able to reduce inactivation 
of presynaptic calcium, but not barium-mediated presynaptic cur-
rents. On the other hand, pregabalin increased the activation speed 
of Ca2+ currents. These data together with the lower inactivation 
observed in Ca

V
2.1 channels might justify the observed decrease 

of presynaptic short-term facilitation. Our ongoing results suggest 
that pregabalin affects presynaptic Ca2+ currents in three ways: (1) 
by blocking presynaptic P/Q-type mediated calcium currents, thus 
reducing synaptic transmission, (2) by increasing activation speed 
which will counteract a substantial reduction of the action potential 
elicited calcium influx and 3) by reducing the inactivation of P/Q 
channels, which would allow a fast recovery of Ca2+ currents during 
high frequency synaptic stimulation.

Concluding Remarks

The direct action of GBPs on VDCCs appears to be essential 
for their modulatory effects on the release of multiple types of 
neurotransmitters. Moreover, such modulation is highly depen-
dent upon the interaction between these Ca2+ channels and their 

References
1. Striano P, Striano S. Gabapentin: a Ca2+ channel α

2
δ 

ligand far beyond epilepsy therapy. Drugs Today (Barc) 
2008; 44:353-68; PMID: 18548137.

2. Taylor CP, Gee NS, Su TZ, Kocsis JD, Welty DF, 
Brown JP, et al. A summary of mechanistic hypoth-
eses of gabapentin pharmacology. Epilepsy Res 1998; 
29:233-49; PMID: 9551785.

3. Maneuf YP, Gonzalez MI, Sutton KS, Chung FZ, 
Pinnock RD, Lee K. Cellular and molecular action of 
the putative GABA-mimetic, gabapentin. Cell Mol Life 
Sci 2003; 60:742-50; PMID: 12785720.

4. Su TZ, Feng MR, Weber ML. Mediation of highly con-
centrative uptake of pregabalin by L-type amino acid 
transport in Chinese hamster ovary and Caco-2 cells. 
J Pharmacol Exp Ther 2005; 313:1406-15; PMID: 
15769862.

5. Belliotti TR, Capiris T, Ekhato IV, Kinsora JJ, Field 
MJ, Heffner TG, et al. Structure-activity relationships 
of pregabalin and analogues that target the α(2)-δ 
protein. J Med Chem 2005; 48:2294-307; PMID: 
15801823.

6. Bryans JS, Wustrow DJ. 3-substituted GABA analogs 
with central nervous system activity: a review. Med Res 
Rev 1999; 19:149-77; PMID: 10189176.

7. Gee NS, Brown JP, Dissanayake VU, Offord J, 
Thurlow R, Woodruff GN. The novel anticonvulsant 
drug, gabapentin (Neurontin), binds to the α

2
δ subunit 

of a calcium channel. J Biol Chem 1996; 271:5768-76; 
PMID: 8621444.

8. Taylor CP, Angelotti T, Fauman E. Pharmacology 
and mechanism of action of pregabalin: the calcium 
channel alpha2-delta (α

2
δ) subunit as a target for anti-

epileptic drug discovery. Epilepsy Res 2007; 73:137-50; 
PMID: 17126531.

9. Taylor CP, Garrido R. Immunostaining of rat brain, 
spinal cord, sensory neurons and skeletal muscle for 
calcium channel alpha2-delta (α

2
δ) type 1 protein. 

Neuroscience 2008; 155:510-21; PMID: 18616987.

10. Suman-Chauhan N, Webdale L, Hill DR, Woodruff 
GN. Characterisation of [3H]gabapentin binding to a 
novel site in rat brain: homogenate binding studies. Eur 
J Pharmacol 1993; 244:293-301; PMID: 8384570.

11. Hill DR, Suman-Chauhan N, Woodruff GN. 
Localization of [3H]gabapentin to a novel site in rat 
brain: autoradiographic studies. Eur J Pharmacol 1993; 
244:303-9; PMID: 8384571.

12. Joshi I, Taylor CP. Pregabalin action at a model synapse: 
binding to presynaptic calcium channel α

2
δ subunit 

reduces neurotransmission in mice. Eur J Pharmacol 
2006; 553:82-8; PMID: 17064682.

13. Catterall WA. Structure and regulation of voltage-gated 
Ca2+ channels. Annu Rev Cell Dev Biol 2000; 16:521-
55; PMID: 11031246.

14. Gray AC, Raingo J, Lipscombe D. Neuronal cal-
cium channels: splicing for optimal performance. Cell 
Calcium 2007; 42:409-17; PMID: 17512586.

15. Catterall WA, Few AP. Calcium channel regulation 
and presynaptic plasticity. Neuron 2008; 59:882-901; 
PMID: 18817729.

16. Dolphin AC. Calcium channel diversity: multiple roles 
of calcium channel subunits. Curr Opin Neurobiol 
2009; 19:237-44; PMID: 19559597.

17. Muller CS, Haupt A, Bildl W, Schindler J, Knaus HG, 
Meissner M, et al. Quantitative proteomics of the Ca

V
2 

channel nano-environments in the mammalian brain. 
Proc Natl Acad Sci USA 2010; 107:14950-7; PMID: 
20668236.

18. Dolphin AC. B subunits of voltage-gated calcium chan-
nels. J Bioenerg Biomembr 2003; 35:599-620; PMID: 
15000522.

19. Davies A, Hendrich J, Van Minh AT, Wratten J, 
Douglas L, Dolphin AC. Functional biology of the 
α

2
δ subunits of voltage-gated calcium channels. Trends 

Pharmacol Sci 2007; 28:220-8; PMID: 17403543.
20. Bauer CS, Tran-Van-Minh A, Kadurin I, Dolphin AC. 

A new look at calcium channel α
2
δ subunits. Curr 

Opin Neurobiol 2010; 20:563-71; PMID: 20579869.

21. Felix R, Gurnett CA, De Waard M, Campbell KP. 
Dissection of functional domains of the voltage-depen-
dent Ca2+ channel α

2
δ subunit. J Neurosci 1997; 

17:6884-91; PMID: 9278523.
22. Kato AS, Bredt DS. Pharmacological regulation of ion 

channels by auxiliary subunits. Curr Opin Drug Discov 
Devel 2007; 10:565-72; PMID: 17786855.

23. Sokolov S, Weiss RG, Timin EN, Hering S. 
Modulation of slow inactivation in class A Ca2+ chan-
nels by β-subunits. J Physiol 2000; 527:445-54; 
PMID: 10990532.

24. Hobom M, Dai S, Marais E, Lacinova L, Hofmann 
F, Klugbauer N. Neuronal distribution and functional 
characterization of the calcium channel α

2
δ-2 subunit. 

Eur J Neurosci 2000; 12:1217-26; PMID: 10762351.
25. Wang M, Offord J, Oxender DL, Su TZ. Structural 

requirement of the calcium-channel subunit α
2
δ for 

gabapentin binding. Biochem J 1999; 342:313-20; 
PMID: 10455017.

26. Marais E, Klugbauer N, Hofmann F. Calcium channel 
α

2
δ subunits-structure and Gabapentin binding. Mol 

Pharmacol 2001; 59:1243-8; PMID: 11306709.
27. Whittaker CA, Hynes RO. Distribution and evolu-

tion of von Willebrand/integrin A domains: widely 
dispersed domains with roles in cell adhesion and 
elsewhere. Mol Biol Cell 2002; 13:3369-87; PMID: 
12388743.

28. Davies A, Douglas L, Hendrich J, Wratten J, Tran 
Van Minh A, Foucault I, et al. The calcium channel 
α

2
δ-2 subunit partitions with Ca

V
2.1 into lipid rafts in 

cerebellum: implications for localization and function. 
J Neurosci 2006; 26:8748-57; PMID: 16928863.

29. Dissanayake VU, Gee NS, Brown JP, Woodruff GN. 
Spermine modulation of specific [3H]-gabapentin 
binding to the detergent-solubilized porcine cerebral 
cortex α

2
δ calcium channel subunit. Br J Pharmacol 

1997; 120:833-40; PMID: 9138689.



www.landesbioscience.com Channels 495

63. Cheng JK, Lee SZ, Yang JR, Wang CH, Liao YY, Chen 
CC, et al. Does gabapentin act as an agonist at native 
GABA

B
 receptors? J Biomed Sci 2004; 11:346-55; 

PMID: 15067218.
64. Dooley DJ, Taylor CP, Donevan S, Feltner D. Ca2+ 

channel α
2
δ ligands: novel modulators of neurotrans-

mission. Trends Pharmacol Sci 2007; 28:75-82; PMID: 
17222465.

65. Cole RL, Lechner SM, Williams ME, Prodanovich P, 
Bleicher L, Varney MA, et al. Differential distribution 
of voltage-gated calcium channel alpha2delta (α

2
δ) 

subunit mRNA-containing cells in the rat central 
nervous system and the dorsal root ganglia. J Comp 
Neurol 2005; 491:246-69; PMID: 16134135.

66. Fink K, Meder W, Dooley DJ, Gothert M. Inhibition 
of neuronal Ca2+ influx by gabapentin and subsequent 
reduction of neurotransmitter release from rat neocor-
tical slices. Br J Pharmacol 2000; 130:900-6; PMID: 
10864898.

67. Fink K, Dooley DJ, Meder WP, Suman-Chauhan N, 
Duffy S, Clusmann H, et al. Inhibition of neuronal 
Ca2+ influx by gabapentin and pregabalin in the human 
neocortex. Neuropharmacology 2002; 42:229-36; 
PMID: 11804619.

68. van Hooft JA, Dougherty JJ, Endeman D, Nichols RA, 
Wadman WJ. Gabapentin inhibits presynaptic Ca2+ 
influx and synaptic transmission in rat hippocampus 
and neocortex. Eur J Pharmacol 2002; 449:221-8; 
PMID: 12167463.

69. Stefani A, Spadoni F, Giacomini P, Lavaroni F, Bernardi 
G. The effects of gabapentin on different ligand- and 
voltage-gated currents in isolated cortical neurons. 
Epilepsy Res 2001; 43:239-48; PMID: 11248535.

70. Martin DJ, McClelland D, Herd MB, Sutton KG, Hall 
MD, Lee K, et al. Gabapentin-mediated inhibition 
of voltage-activated Ca2+ channel currents in cultured 
sensory neurones is dependent on culture conditions 
and channel subunit expression. Neuropharmacology 
2002; 42:353-66; PMID: 11897114.

71. Kang MG, Felix R, Campbell KP. Long-term regula-
tion of voltage-gated Ca2+ channels by gabapentin. 
FEBS Lett 2002; 528:177-82; PMID: 12297300.

72. Schumacher TB, Beck H, Steinhauser C, Schramm 
J, Elger CE. Effects of phenytoin, carbamazepine 
and gabapentin on calcium channels in hippocampal 
granule cells from patients with temporal lobe epilepsy. 
Epilepsia 1998; 39:355-63; PMID: 9578025.

73. Vega-Hernandez A, Felix R. Downregulation of N-type 
voltage-activated Ca2+ channels by gabapentin. Cell 
Mol Neurobiol 2002; 22:185-90; PMID: 12363200.

74. Stringer JL, Taylor CP. The effects of gabapentin in 
the rat hippocampus are mimicked by two structural 
analogs, but not by nimodipine. Epilepsy Res 2000; 
41:155-62; PMID: 10940616.

75. Alden KJ, Garcia J. Differential effect of gabapentin 
on neuronal and muscle calcium currents. J Pharmacol 
Exp Ther 2001; 297:727-35; PMID: 11303064.

76. Li CY, Zhang XL, Matthews EA, Li KW, Kurwa A, 
Boroujerdi A, et al. Calcium channel α

2
δ1 subunit 

mediates spinal hyperexcitability in pain modulation. 
Pain 2006; 125:20-34; PMID: 16764990.

77. Beydoun A, Uthman BM, Kugler AR, Greiner MJ, 
Knapp LE, Garofalo EA. Safety and efficacy of two 
pregabalin regimens for add-on treatment of partial epi-
lepsy. Neurology 2005; 64:475-80; PMID: 15699378.

78. Johannessen SI, Battino D, Berry DJ, Bialer M, Kramer 
G, Tomson T, et al. Therapeutic drug monitoring of 
the newer antiepileptic drugs. Ther Drug Monit 2003; 
25:347-63; PMID: 12766564.

79. Blake MG, Boccia MM, Acosta GB, Hocht C, Baratti 
CM. Opposite effects of a single versus repeated doses 
of gabapentin on retention performance of an inhibi-
tory avoidance response in mice. Neurobiol Learn Mem 
2007; 87:192-200; PMID: 16987675.

80. Rosato Siri MD, Uchitel OD. Calcium channels 
coupled to neurotransmitter release at neonatal rat 
neuromuscular junctions. J Physiol 1999; 514:533-40; 
PMID: 9852333.

45. Bertrand S, Morin F, Lacaille JC. Different actions 
of gabapentin and baclofen in hippocampus from 
weaver mice. Hippocampus 2003; 13:525-8; PMID: 
12836919.

46. Bertrand S, Nouel D, Morin F, Nagy F, Lacaille JC. 
Gabapentin actions on Kir3 currents and N-type Ca2+ 
channels via GABAB receptors in hippocampal pyrami-
dal cells. Synapse 2003; 50:95-109; PMID: 12923812.

47. Lanneau C, Green A, Hirst WD, Wise A, Brown JT, 
Donnier E, et al. Gabapentin is not a GABAB receptor 
agonist. Neuropharmacology 2001; 41:965-75.

48. Sutton KG, Martin DJ, Pinnock RD, Lee K, Scott RH. 
Gabapentin inhibits high-threshold calcium channel 
currents in cultured rat dorsal root ganglion neurones. 
Br J Pharmacol 2002; 135:257-65; PMID: 11747901.

49. Dooley DJ, Donovan CM, Meder WP, Whetzel SZ. 
Preferential action of gabapentin and pregabalin at 
P/Q-type voltage-sensitive calcium channels: inhibi-
tion of K+-evoked [3H]-norepinephrine release from rat 
neocortical slices. Synapse 2002; 45:171-90; PMID: 
12112396.

50. Xie X, Dale TJ, John VH, Cater HL, Peakman TC, 
Clare JJ. Electrophysiological and pharmacological 
properties of the human brain type IIA Na+ channel 
expressed in a stable mammalian cell line. Pflugers Arch 
2001; 441:425-33; PMID: 11212204.

51. Meder WP, Dooley DJ. Modulation of K+-induced 
synaptosomal calcium influx by gabapentin. Brain Res 
2000; 875:157-9; PMID: 10967310.

52. Wamil AW, McLean MJ. Limitation by gabapentin of 
high frequency action potential firing by mouse central 
neurons in cell culture. Epilepsy Res 1994; 17:1-11; 
PMID: 8174520.

53. Pan HL, Eisenach JC, Chen SR. Gabapentin suppresses 
ectopic nerve discharges and reverses allodynia in neu-
ropathic rats. J Pharmacol Exp Ther 1999; 288:1026-
30; PMID: 10027839.

54. Chen SR, Xu Z, Pan HL. Stereospecific effect of 
pregabalin on ectopic afferent discharges and neuro-
pathic pain induced by sciatic nerve ligation in rats. 
Anesthesiology 2001; 95:1473-9; PMID: 11748408.

55. Stefani A, Spadoni F, Giacomini P, Lavaroni F, Bernardi 
G. The effects of gabapentin on different ligand- and 
voltage-gated currents in isolated cortical neurons. 
Epilepsy Res 2001; 43:239-48; PMID: 11248535.

56. Kanai A, Sarantopoulos C, McCallum JB, Hogan Q. 
Painful neuropathy alters the effect of gabapentin on 
sensory neuron excitability in rats. Acta Anaesthesiol 
Scand 2004; 48:507-12; PMID: 15025616.

57. Dib-Hajj SD, Black JA, Waxman SG. Voltage-gated 
sodium channels: therapeutic targets for pain. Pain 
Med 2009; 10:1260-9; PMID: 19818036.

58. Freiman TM, Kukolja J, Heinemeyer J, Eckhardt K, 
Aranda H, Rominger A, et al. Modulation of K+-evoked 
[3H]-noradrenaline release from rat and human brain 
slices by gabapentin: involvement of KATP chan-
nels. Naunyn Schmiedebergs Arch Pharmacol 2001; 
363:537-42; PMID: 11383714.

59. Danielsson BR, Lansdell K, Patmore L, Tomson T. 
Effects of the antiepileptic drugs lamotrigine, topira-
mate and gabapentin on hERG potassium currents. 
Epilepsy Res 2005; 63:17-25; PMID: 15716081.

60. McClelland D, Evans RM, Barkworth L, Martin DJ, 
Scott RH. A study comparing the actions of gabapentin 
and pregabalin on the electrophysiological properties 
of cultured DRG neurones from neonatal rats. BMC 
Pharmacol 2004; 4:14; PMID: 15294026.

61. Surges R, Freiman TM, Feuerstein TJ. Gabapentin 
increases the hyperpolarization-activated cation current 
Ih in rat CA1 pyramidal cells. Epilepsia 2003; 44:150-
6; PMID: 12558567.

62. Surges R, Freiman TM, Feuerstein TJ. Input resistance 
is voltage dependent due to activation of Ih channels in 
rat CA1 pyramidal cells. J Neurosci Res 2004; 76:475-
80; PMID: 15114619.

30. Brown JP, Dissanayake VU, Briggs AR, Milic MR, Gee 
NS. Isolation of the [3H]gabapentin-binding protein/
α

2
δ Ca2+ channel subunit from porcine brain: develop-

ment of a radioligand binding assay for α
2
δ subunits 

using [3H]leucine. Anal Biochem 1998; 255:236-43; 
PMID: 9451509.

31. Field MJ, Cox PJ, Stott E, Melrose H, Offord J, Su TZ, 
et al. Identification of the α

2
-δ-1 subunit of voltage-

dependent calcium channels as a molecular target for 
pain mediating the analgesic actions of pregabalin. 
Proc Natl Acad Sci USA 2006; 103:17537-42; PMID: 
17088553.

32. Bian F, Li Z, Offord J, Davis MD, McCormick J, 
Taylor CP, et al. Calcium channel α

2
-δ type 1 subunit 

is the major binding protein for pregabalin in neocor-
tex, hippocampus, amygdala and spinal cord: an ex 
vivo autoradiographic study in α

2
-δ type 1 genetically 

modified mice. Brain Res 2006; 1075:68-80; PMID: 
16460711.

33. Taylor CP, Angelotti T, Fauman E. Pharmacology 
and mechanism of action of pregabalin: the calcium 
channel α

2
-δ subunit as a target for antiepileptic drug 

discovery. Epilepsy Res 2007; 73:137-50; PMID: 
17126531.

34. Cunningham MO, Woodhall GL, Thompson SE, 
Dooley DJ, Jones RS. Dual effects of gabapentin 
and pregabalin on glutamate release at rat entorhinal 
synapses in vitro. Eur J Neurosci 2004; 20:1566-76; 
PMID: 15355323.

35. Micheva KD, Taylor CP, Smith SJ. Pregabalin reduces 
the release of synaptic vesicles from cultured hippocam-
pal neurons. Mol Pharmacol 2006; 70:467-76; PMID: 
16641316.

36. Brawek B, Loffler M, Dooley DJ, Weyerbrock A, 
Feuerstein TJ. Differential modulation of K+-evoked 
3H-neurotransmitter release from human neocortex 
by gabapentin and pregabalin. Naunyn Schmiedebergs 
Arch Pharmacol 2008; 376:301-7; PMID: 18074120.

37. Brawek B, Loffler M, Weyerbrock A, Feuerstein TJ. 
Effects of gabapentin and pregabalin on K+-evoked 
3H-GABA and 3H-glutamate release from human neo-
cortical synaptosomes. Naunyn Schmiedebergs Arch 
Pharmacol 2009; 379:361-9; PMID: 19002437.

38. Di Guilmi MN, Urbano FJ, Gonzalez Inchauspe C and 
Uchitel OD. Pregabalin modulation of neurotransmitter 
release is mediated by change in intrinsic activation/
inactivation properties of Ca2.1 calcium channels. J 
Pharmacol Exp Ther 2011; in press.

39. Su TZ, Lunney E, Campbell G, Oxender DL. 
Transport of gabapentin, a g-amino acid drug, by sys-
tem l a-amino acid transporters: a comparative study in 
astrocytes, synaptosomes and CHO cells. J Neurochem 
1995; 64:2125-31; PMID: 7722496.

40. Cheng JK, Pan HL, Eisenach JC. Antiallodynic 
effect of intrathecal gabapentin and its interaction 
with clonidine in a rat model of postoperative pain. 
Anesthesiology 2000; 92:1126-31; PMID: 10754633.

41. Schwarz JB, Gibbons SE, Graham SR, Colbry NL, 
Guzzo PR, Le VD, et al. Novel cyclopropyl β-amino 
acid analogues of pregabalin and gabapentin that target 
the α

2
δ protein. J Med Chem 2005; 48:3026-35; 

PMID: 15828841.
42. Rock DM, Kelly KM, Macdonald RL. Gabapentin 

actions on ligand- and voltage-gated responses in 
cultured rodent neurons. Epilepsy Res 1993; 16:89-98; 
PMID: 7505742.

43. Kim YS, Chang HK, Lee JW, Sung YH, Kim SE, Shin 
MS, et al. Protective effect of gabapentin on N-methyl-
D-aspartate-induced excitotoxicity in rat hippocampal 
CA1 neurons. J Pharmacol Sci 2009; 109:144-7; 
PMID: 19151547.

44. Ng GY, Bertrand S, Sullivan R, Ethier N, Wang J, 
Yergey J, et al. G-aminobutyric acid type B receptors 
with specific heterodimer composition and postsynap-
tic actions in hippocampal neurons are targets of anti-
convulsant gabapentin action. Mol Pharmacol 2001; 
59:144-52; PMID: 11125035.



496 Channels volume 4 issue 6

93. Arber S, Caroni P. Thrombospondin-4, an extracellular 
matrix protein expressed in the developing and adult 
nervous system promotes neurite outgrowth. J Cell Biol 
1995; 131:1083-94; PMID: 7490284.

94. Qin N, Yagel S, Momplaisir ML, Codd EE, D’Andrea 
MR. Molecular cloning and characterization of the 
human voltage-gated calcium channel α

2
δ-4 subunit. 

Mol Pharmacol 2002; 62:485-96; PMID: 12181424.
95. Kaja S, van de Ven RC, Broos LA, Frants RR, Ferrari 

MD, van den Maagdenberg AM, et al. Characterization 
of acetylcholine release and the compensatory contribu-
tion of non- Ca

V
2.1 channels at motor nerve terminals 

of leaner Ca
V
2.1-mutant mice. Neuroscience 2007; 

144:1278-87; PMID: 17161543.
96. Rosato-Siri MD, Piriz J, Tropper BA, Uchitel OD. 

Differential Ca2+-dependence of transmitter release 
mediated by P/Q- and N-type calcium channels at 
neonatal rat neuromuscular junctions. Eur J Neurosci 
2002; 15:1874-80; PMID: 12099893.

97. Maneuf YP, Hughes J, McKnight AT. Gabapentin 
inhibits the substance P-facilitated K+-evoked release 
of [3H]glutamate from rat caudial trigeminal nucleus 
slices. Pain 2001; 93:191-6; PMID: 11427331.

98. Maneuf YP, McKnight AT. Block by gabapentin of the 
facilitation of glutamate release from rat trigeminal 
nucleus following activation of protein kinase C or 
adenylyl cyclase. Br J Pharmacol 2001; 134:237-40; 
PMID: 11564640.

87. Schlicker E, Reimann W, Gothert M. Gabapentin 
decreases monoamine release without affecting ace-
tylcholine release in the brain. Arzneimittelforschung 
1985; 35:1347-9; PMID: 4084337.

88. Fehrenbacher JC, Taylor CP, Vasko MR. Pregabalin and 
gabapentin reduce release of substance P and CGRP 
from rat spinal tissues only after inflammation or 
activation of protein kinase C. Pain 2003; 105:133-41; 
PMID: 14499429.

89. Greenhill SD, Jones RS. Diverse antiepileptic drugs 
increase the ratio of background synaptic inhibition 
to excitation and decrease neuronal excitability in neu-
rones of the rat entorhinal cortex in vitro. Neuroscience 
2010; 167:456-74; PMID: 20167261.

90. Dooley DJ, Mieske CA, Borosky SA. Inhibition of 
K+-evoked glutamate release from rat neocortical and 
hippocampal slices by gabapentin. Neurosci Lett 2000; 
280:107-10; PMID: 10686389.

91. Patel MK, Gonzalez MI, Bramwell S, Pinnock RD, Lee 
K. Gabapentin inhibits excitatory synaptic transmission 
in the hyperalgesic spinal cord. Br J Pharmacol 2000; 
130:1731-4; PMID: 10952660.

92. Eroglu C, Allen NJ, Susman MW, O’Rourke NA, 
Park CY, Ozkan E, et al. Gabapentin receptor α

2
δ-1 

is a neuronal thrombospondin receptor responsible for 
excitatory CNS synaptogenesis. Cell 2009; 139:380-
92; PMID: 19818485.

81. Piriz J, Rosato Siri MD, Pagani R, Uchitel OD. 
Nifedipine-mediated mobilization of intracellular 
calcium stores increases spontaneous neurotransmit-
ter release at neonatal rat motor nerve terminals. 
J Pharmacol Exp Ther 2003; 306:658-63; PMID: 
12730358.

82. Iwasaki S, Takahashi T. Developmental changes in 
calcium channel types mediating synaptic transmission 
in rat auditory brainstem. J Physiol 1998; 509:419-23; 
PMID: 9575291.

83. Iwasaki S, Momiyama A, Uchitel OD, Takahashi T. 
Developmental changes in calcium channel types medi-
ating central synaptic transmission. J Neurosci 2000; 
20:59-65; PMID: 10627581.

84. Bayer K, Ahmadi S, Zeilhofer HU. Gabapentin may 
inhibit synaptic transmission in the mouse spinal cord 
dorsal horn through a preferential block of P/Q-type 
Ca2+ channels. Neuropharmacology 2004; 46:743-9; 
PMID: 14996552.

85. Brown JT, Randall A. Gabapentin fails to alter P/Q-
type Ca2+ channel-mediated synaptic transmission in 
the hippocampus in vitro. Synapse 2005; 55:262-9; 
PMID: 15668986.

86. Reimann W. Inhibition by GABA, baclofen and gaba-
pentin of dopamine release from rabbit caudate nucle-
us: are there common or different sites of action? Eur J 
Pharmacol 1983; 94:341-4; PMID: 6653664.


