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Abstract

Nicotinic receptors are present in the retina of different vertebrates, and in the chick retina, it is present during early devel-
opment throughout to post-hatching. These receptors are activated by nicotine, an alkaloid with addictive and neurotrans-
mitter release modulation properties, such as GABA signaling. Here we evaluated the mechanisms of nicotine signaling
in the avian retina during the development of neuron-glia cells at a stage where synapses are peaking. Nicotine almost
halved [°’H]-GABA uptake, reducing it by 45% whilst increasing more than two-fold [°’H]-GABA release in E12 embryonic
chick retinas. Additionally, nicotine mediated a 33% increase in [*H]-D-aspartate release. MK-801 50 uM blocked 66% of
nicotine-induced [°’H]-GABA release and G6 6983 100 nM prevented the nicotine-induced reduction in [*H]-GABA uptake
by rescuing 40% of this neurotransmitter uptake, implicating NMDAR and PKC (respectively) in the nicotinic responses.
In addition, NO-711 prevented [*H]-GABA uptake and release induced by nicotine. Furthermore, the relevance of calcium
influx for PKC activation was evidenced through fura-2 imaging. We conclude that the shift of GABA transport mediated
by nicotine promotes GABA release by inducing transporter reversal via nicotine-induced EAA release through EAATS, or
by a direct effect of nicotine in activating nicotinic receptors permeable to calcium and promoting PKC pathway activation
and shifting GAT-1 activity, both prompting calcium influx, and activation of the PKC pathway and shifting GAT-1 activity.
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acetylcholine, the endogenous ligand [1]. Nicotine increases
dopamine release in the mesolimbic pathway of the reward
system, which is associated with drug reinforcement [2, 3].
In the retina, dopamine release has been reported to be mod-
ulated by different concentrations of nicotine up to 1 mM
[4]. In addition to dopamine, the activation of presynaptic
nAChR promotes the release of other neurotransmitters,
explaining the widespread neuromodulator effects of nico-
tine [5, 6].

One of those neurotransmitters is y-aminobutyric acid
(GABA), the main inhibitory neurotransmitter of the central
nervous system (CNS) [7]. Early on during development,
GABA is present in various CNS regions [8, 9], and, on the
vertebrate retina, this neurotransmitter is found early on in
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subpopulations of horizontal, ganglion, amacrine, and Miil-
ler glia cells [10-12]. GABA decreases nicotine-induced
(10-100 uM) increase in EPSP in chick embryo ganglion
cells [13].

In the avian retina, GABA transport is mediated by its
high-affinity transporters, GABA transporters (GATs) [14,
15]. GATs are sodium symporters found in different cell
types responsible for the transport of GABA together with
Na* and CI~ [16]. They canonically operate along the Na*
gradient uptaking GABA from the synaptic cleft, however,
they can release this neurotransmitter by a reversal of this
gradient both in the brain [17] and in the retina [18]. These
transporters are essential to GABA homeostasis and are
modulated by a plethora of chemical mediators and signaling
proteins such as kinases, phosphatases, second messengers,
hormones, or changes in the Na* gradient [19, 20]. Phos-
phorylation in tyrosine residues increases GAT-1 density in
the cell membrane [20, 21] while tonic phosphorylation of
serine residues by protein kinase C (PKC) removes GAT-1
from the cell membrane [22, 23].

Beyond its importance during development, GABA is
also essential in modulating the retinal tissue excitability
in the adult retina [24]. Concurrently, the vertebrate retina
has already been described as having a GABA + cell with
nAChR in its soma, axon, and dendrites [25, 26].

Cholinergic cells, in the avian and rodent retina, are lim-
ited to a subpopulation of amacrine cells known as starburst
amacrine cells [27]. The appearance of this neuronal subtype
starts very early in the embryonic retina development, at day
4 (E4), and plays a crucial role in the correct morphology
and functioning during tissue development [11]. Moreover,
the fundamental machinery for cholinergic signaling is also
found early during retinal development, including its syn-
thesizing and degrading enzymes, choline acetyltransferase
(ChAT), and acetylcholinesterase (AChE), respectively,
specific subunits of nicotinic receptors (e.g. a3, a8, f2) and
AChitself [10, 11].

The avian retina is a reliable developmental model that
has been studied for at least half a century in terms of neu-
rochemistry, with a peculiar mechanism to induce GABA
and excitatory amino acid release (EAA). GABA and aspar-
tate release in this retina depends on amino acid transport-
ers to mediate the release of the neurotransmitter in a Ca>*
independent and Na* dependent manner [12, 28]. GABA
release has been induced by different addictive players
such as caffeine [15] or by activation of the endocannabi-
noid system [29]. In this sense, the mechanisms of nicotine
on GABA release were not fully evaluated on avian retina
cells, although nicotinic and glutamatergic receptors have
been identified on this tissue [25, 30]. In the present study,
we aimed to evaluate the effects of acute exposure to nico-
tine over GABA transport, in an ex vivo model of chicken
embryo retinas, at 12 days of the embryonic stage (E12).

This period of development represents the beginning of syn-
aptogenesis [10], which is critical to the maturation of the
GABAergic system and upon which nicotine and cholinergic
activation might have long-term effects.

Material and Methods
Ethics Statement

The following procedures were approved by the Animal Care
and Use Committee of Federal University of Rio de Janeiro
protocol 038/19 and follow the guidelines of the Brazilian
Society for Neuroscience and Behavior (SBNeC) and Brazil-
ian Law No. 11794/ 2008.

Animals and Retinal Dissection

Fertilized White Leghorn eggs (Gallus gallus domesticus)
were obtained from a local hatchery and staged as previously
described [31]. Embryonic retinas (E12) were dissected and
separated from the other ocular tissues in CMF solution,
at 37 °C. Subsequently, retinas were placed in p35 plastic
dishes (Corning, Glendale, Arizona) containing 1 mL of
Hanks’ 4 solutions with Ca*? and Mg™, for neurochemical
assays. Altogether, 82 embryos (164 retinas) were used.

Nicotine Treatment

Assays were performed on ex vivo retinal tissue. Thus, after
being dissected and placed on multiwell dishes, retinas
were acutely treated with nicotine (50 uM) for 30 min in a
water bath (37 ‘C) before they were used for neurochemical
experiments and quantification of protein density or calcium
transients. Specific treatments for each experiment will be
detailed below.

Materials

For neurotransmitter uptake and release assays, tritiated
GABA ([’H]-GABA) with the specific activity of 35 Ci/
mmol and [3H]-D-aspartate 12 Ci/mmol were obtained from
PerkinElmer (Massachusetts, USA). Mecamylamine hydro-
chloride (non-selective antagonist of nAChRs), MK-801
(dizocilpine) maleate (NMDARSs non-competitive blocker),
NMDA (NMDARs agonist), NO-711 (1-[2-[[(diphenylmeth-
ylene)imino]oxy]ethyl]-1,2,5,6-tetrahydro-3 pyridinecarbox-
ylic acid) hydrochloride (selective GAT-1 inhibitor), nicotine
(+)-bitartrate, Go 6983 (2-[1-(3-dimethylaminopropyl)-
5-methoxyindol-3-yl]-3-(1H-indol-3-yl) maleimide) (a
pan-PKC inhibitor against for PKCa, PKCp, PKCy, PKCS
and PKC{), rabbit anti-GAT-1 antibody (HPA013341) and
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bovine serum albumin (BSA) were obtained from Sigma /
RBI (St Louis, MO, USA).

Nicotine (1, 10, or 50 pM) was administered acutely
(10, 15, or 30 min) to ex vivo retina tissue (E12). NO-711
(50 uM) and G6 6983 (100 nM) were added 5 min before
incubation with nicotine, in specific uptake experiments.
[*’H]-GABA was incubated together with the previously
specified drugs for 60 min with the retina, immediately
after 30 min of treatment with nicotine. Additionally, after
[’H]-GABA uptake 5 min pulses with Hanks’ solution or
MK-801 (50 uM) were performed for the release assay.
Nicotine (50 uM), NMDA (100 uM), and mecamylamine
(3 uM) were further utilized in retinal cell culture for cal-
cium imaging assays.

Solutions and Medium

Dulbecco’s Modified Eagle’s Medium (DMEM), 1% fetal
calf serum (FCS), and gentamicin (Invitrogen, Life Tech-
nologies, Rockford, IL). Trypsin 0.25% solution (Gibco).
B27 supplement (Invitrogen) (25 pg final concentration)
was added to 50 mL of DMEM for enriched neuronal cul-
tures. Saline buffer (Ca>* and Mg** free solution): 76.55 g/L
NaCl, 3.05 g/L KCl, 1.65 g/L Na,HPO,, 0.610 g/L KH,PO,,
21.95 g/L glucose, and 7.90 g/ NaHCO;; Cells were seeded
in 15 mm glass coverslips pretreated with poly-L-lysine
(10 pg/mL) and laminin (10 pg/mL).

Hanks 4 mM glucose solution (NaCl 128 mM; KC1 4 mM;
MgCl, 1 mM; CaCl, 3 mM; HEPES 20 mM; glucose 4 mM;
pH=7.4); Modified Hanks 4 w/o Na* (Tris HC] 128 mM;
KCl 4 mM; MgCl, 1 mM; CaCl, 3 mM; glucose 4 mM;
pH=7.4); CMF solution (NaCl 131 mM; KCI 4.1 mM;
Na,HPO, 0.92 mM; KH,PO, 0.45 mM; NaHCO; 9.4 mM;
glucose 12 mM; pH="7.4); Krebs solution (132 mM NaCl,
4 mM KCl, 1.4 mM MgCl,, 2.5 mM CaCl,, 6 mM glucose,
10 mM HEPES, pH=7.4); Loading solution 5 pM fura-2/
AM (Molecular Probes), 0.02% pluronic F-127 (Molecular
Probes) in Krebs solution.

[*H]-GABA Uptake & Release

[*H]-GABA uptake and release were performed as described
before [15]. Briefly, after the pre-exposure drug treatments,
each retina was incubated for 1 h in 1 mL of Hanks 4 solu-
tion or Tris—HCl solution pH 7.4 at 37 °C containing 0.5 pCi
of [’H]-GABA (35 Ci/mmol =35.106 pCi) and 20 pM of
non-radioactive GABA as a carrier without changing the
initial medium.

For the uptake assay, both control and nicotine-treated
retina groups were analyzed alone or in the presence of
NO-711 (50 pM) or G& 6983 (100 nM) before [*H]-GABA
loading. After a 60 min incubation with [*H]-GABA, the
solution was removed, and the tissue was washed three times
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with 3 mL of cold Hanks (4 mM) solution. This process was
sufficient to wash out the radioactivity not taken up by the
cells. Then, 1 mL of Milli-Q water (Millipore) was added to
disrupt cell membranes, followed by a freeze—thaw cycle.
For the release assay, after the [°’H]-GABA was incorpo-
rated by the cell, the medium was removed, and the tissue
was washed twice with 1 mL Hanks 4 solution. Afterward,
the retina was superfused with 0.5 mL of Hanks 4 alone
(basal), NO-711 (50 uM) or with MK-801 (50 uM) at 37 °C
for 5 min, and both the supernatant and cell lysate were
collected.

Cell radioactivity was determined using a liquid scintil-
lation counter and results were either normalized by protein
concentration, estimated with Lowry protein assay using
BSA as standard, in the uptake assay, or to the percentage
of total radioactivity in the release assay, as described previ-
ously [28].

Neuron-Enriched Chick Cell Culture

Neuron-enriched chick cell cultures were prepared according
to Kubrusly et al. [29]. Briefly, 8-day-old chick embryo (E8)
retinas were dissected, cleared of pigmented epithelium,
and placed on saline. Trypsin was added to the medium and
incubated at 37 °C for 10 min. After a brief centrifugation,
the pellet was suspended in 2 mL of DMEM/F12 medium
plus 1% fetal calf serum (FCS), plus B27 supplement, and
mechanically dissociated by pipetting the tissue. Cells were
plated on 15 mm coverslips (Marienbad, German) previ-
ously treated with poly-L-lysine and laminin. The plates
were then transferred to a humidified atmosphere of 95%
air/5% CO, in an incubator for 4 days (C4).

[3H]-D-Aspartate Release

[3H]—D—Aspartate release was evaluated as described before
[32]. Briefly, each retinal culture (E8C4) was incubated for
1 hin 1 mL of Hanks 4 solution pH 7.4 at 37 °C contain-
ing 1 pCi of [*H]-D-aspartate (12 Ci/mmol) and 10 pM of
non-radioactive D-aspartate as a carrier, with or without
prior addition of nicotine. After the [°H]-D-aspartate was
incorporated by the cells, the medium was removed, and the
cultured well was washed twice with 1 mL Hanks 4 solu-
tion. Afterward, the cells were superfused with 0.5 mL of
Hanks 4 (basal) at 37 °C and incubated for 5 min. Cellular
and supernatant radioactivity was assayed as described in
[’H]-GABA.

Western Blot
Western Blot was performed as described before [15].

Briefly, both retinas were extracted and homogenized
together in a RIPA buffer containing a cocktail of protease
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inhibitors. The homogenate was used to assess the expres-
sion of GAT-1 protein in control and nicotine-treated groups.
Protein concentration was estimated [33] and the samples
were diluted in a buffer composed of 10% glycerol (v/v), 1%
B-mercaptoethanol, 3% SDS and 62.5 mm Tris base which
were boiled for 5 min.

Approximately 30 pg of protein from each sample were
used in electrophoresis in 10% SDS-PAGE and transferred to
polyvinylidene fluoride (PVDF) membranes (ECL-Hybond)
by a semi-dry transfer method. Membranes were washed
with a Tween 20 Tris-buffered saline (TTBS) and blocked
for 2 h with TTBS plus 1% BSA. After blocking, membranes
were lightly washed with TTBS and incubated with primary
anti-GAT-1 antibodies (1:500 in TTBS; Sigma-Aldrich)
overnight at 4 °C. On the following day, the primary anti-
bodies were removed, and the membranes were washed
three times with TTBS to remove unconjugated antibodies.
Following this, incubation was carried out with anti-rabbit
secondary antibodies conjugated to peroxidase (1:5000 in
TTBS; Sigma-Aldrich), for 2 h at room temperature. After
incubation, the membrane was again washed three times
with TTBS (10 min each), and the probe was detected using
an ECL kit (Amersham).

Membranes were re-probed with mouse anti-p-tubulin
antibody (T5201) (1:25,000 in TTBS, Sigma-Aldrich) for
1 h at room temperature, washed 3 times with TTBS, and
incubated with a secondary anti-mouse antibody conjugated
to peroxidase (1:5000 in TTBS; Sigma-Aldrich) for 45 min
at room temperature, followed by three new TTBS washes.
Immunostaining was detected with the ECL kit. The inten-
sity of the bands was analyzed using ImageLab 5.2.1 soft-
ware (Bio-Rad Laboratories Inc).

Calcium Imaging

Variations of free intracellular calcium ([Ca®*]i) levels were
evaluated in neuron-enriched cell cultures [34], following
the application of KCI1 or ATP using a previously described
method [35]. Briefly, cells in culture were loaded for 40 min
with 5 pM fura-2/AM (Molecular Probes) and 0.02% Plu-
ronic F-127 (Molecular Probes) in Krebs solution, in an
incubator with 5% CO2 at 37 °C. After a 10-min post-load-
ing period at room temperature in Krebs solution, to obtain
complete hydrolysis of the probe, 15 mm coverslips with the
cells were mounted in an RC-20 chamber on a P-5 platform
(Warner Instruments, Hamden, CT) for rapid perfusion on
the stage of an inverted fluorescence microscope (Eclipse
Ti-U; Nikon). Cells were continuously perfused with Krebs
solution (273 mOsm) and stimulated with 50 uM nicotine,
100 uM NMDA, 50 mM KCI (372 mOsm), or 100 uM ATP,
with or without 50 uM MK-801 or 3 pM mecamylamine.
The solutions were prepared immediately before the assays
and were added to the cells by a fast-transition system

(approximately 1 s). The variations in [Ca**]i were evalu-
ated at intervals of 500 ms, by quantifying the ratio of fluo-
rescence emitted at 510 nm following alternate excitation at
340 and 380 nm, using a Lambda DG4 illumination system
(Sutter Instrument, Novato, CA), a 20 X objective, a 510 nm
band-pass filter (Semrock, Rochester, NY) and an Evolve
16-bit cooled EMCCD camera (Photometrics, Tuscon, AZ).
Acquired images were processed using MetaFluor software
(Molecular Devices, Sunnyvale, CA). The time courses of
the fura-2 fluorescence ratio of individual cells were ana-
lyzed to identify responding cells in each experiment based
on a 30% increase threshold of the [Ca®*]i level induced by
the stimulus.

Statistical Analysis

Data were processed using GraphPad Prism 8.4.3 (Graph-
Pad Software, LLC) and expressed as % of the total or
as mean =+ standard error of the mean (SEM). For com-
parisons between pairs of measurements, Student’s two-
tailed unpaired t-test was performed. For the analysis of
three or more experimental groups, a one-way or two-way
ANOVA was used, followed by a Bonferroni posttest. Val-
ues were considered statistically significant when p < 0.05;
“n” is equal to the number of animals per group in each
experiment.

Results

To evaluate if a single exposure to nicotine alters GABA
uptake levels of the chick retina at E12 when synapses are
peaking, dissected retinas were acutely treated with basal
(Hanks 4) or nicotine, before a [*’H]-GABA uptake assay.
As previously established, control tissue shows drastically
reduced [*’H]-GABA uptake in the absence of Na*, at low
temperature (4 “C), and in the presence of NO-711 (50 uM),
consistent with GAT-1-mediated transport [28, 29]. The
addition of 50 uM nicotine reduced [°*H]-GABA uptake by
approximately 45% compared to the control group, an effect
not observed with the exposure to 1 pM or 10 uM nicotine
(Fig. 1a). Therefore, 50 uM nicotine was chosen to carry out
the subsequent experiments.

Additionally, we assessed the time required for nicotine’s
effect on GABA uptake by pre-incubation for 5, 10, 15, and
30 min before the addition of [’H]-GABA (Fig. 1b). Most
of the reduction in GABA uptake due to nicotine (50 uM)
occurred between 5 and 10 min, with minor reduction at
longer exposure times. Thirty min of exposure were stand-
ardized for the following experiments.

Our next step was to evaluate whether GAT-1 total pro-
tein levels at E12 chicken retinas are changed by exposure
to nicotine or saline. As shown in Fig. 2a-b, no significant
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Fig. 1 Concentration and time- a 0.3-
dependent modulation of retinal
[*H]-GABA transport by nico-
tine. a [’H]-GABA uptake was
prevented by the replacement of
sodium by Tris in the incubation
medium, at low temperature, or
in the presence of GAT-1 inhibi-
tor NO-711 50 pM. Further-
more, after a 30 min incubation
period on E12 retinal tissue,
nicotine 50 pM (but not 1 or

10 uM) reduced [*H]-GABA
uptake by approximately 45%
(control=0.214 +0.005; n=5;
w/o Nat =0.026 +0.002;

0.2+

0.1

[*H]-GABA uptake (pmol/mg/hour)

1 ==

ek

ek J—

n=3; 4°C =0.020 +0.006; 0.0

n=3; NO-711=0.053 +0.003; CTRL w/oNa* 4°C NO-711 Nic Nic Nic

n=3; nicotine

1 uM=0.2160+0.016; n=3; b
nicotine 10 uM =0.227 +0.008; 0.31
n=>5; nicotine

50 M =0.111+0.006 pmol/
mg/h; n=5). b A reduction in
[.*H]-GABA uptake is seen
after 10 min in the presence

of nicotine 50 uM (con-
trol=0.214 +0.005; n=>5; nico-
tine 5°=0.236+0.013; n=5;
nicotine 10°=0.124+0.018;
n=06; nicotine

15"=0.123 +£0.020; n=6; nico-
tine 30’ =0.111+0.006 pmol/
mg/h; n=6). Data are rep-
resented as mean+ S.E.M.
**p<0.01; ***p<0.001;

0.2

0.1

[*H]-GABA uptake (pmol/mg/hour)

50uM 1uM 10uM 50uM

0.0 T
wwrkp < 0,0001 CTRL

difference was seen between control and nicotine-exposed
retinas, suggesting that the decrease of [°’H]-GABA uptake
in the presence of nicotine was related to the modulation
of GAT-1 activity, and not to its expression or turnover.
Furthermore, we also observed in Fig. 2¢ that [*H]-GABA
release is mainly mediated by GAT-1 since its blockade
by selective GAT-1 inhibitor NO-711 (50 uM) prevented
both basal and nicotine-mediated release. Since nicotine
promotes excitatory amino acid release in other areas [36]
and GABA release is activated by NMDA receptors in
the embryonic retina [12, 28], we investigated whether
nicotine affects [P’H]-GABA release in an NMDA recep-
tor-dependent manner. In contrast with the uptake, pre-
exposure to nicotine 50 uM more than doubled the amount
of [’H]-GABA released in 5 min compared to the con-
trol group (Fig. 3a). The addition of the NMDA recep-
tor channel blocker MK-801 (50 uM) during the 5 min
release pulse prevented the effect of nicotine. As a con-
trol, the addition of MK-801 did not affect basal levels of
[’H]-GABA release.
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Both L- and D-aspartate induce [*H]-GABA release
by chick retinal cells through NMDA receptor activation
[28]. We next considered the possibility that it affected
[*H]-GABA release indirectly, through a glutamatergic
agonist. We evaluated if nicotine affects [°H]-D-aspartate
release in retinal cell cultures at a developmental stage
equivalent to E12. As shown in Fig. 3b, nicotine (50 uM
for 30 min before [*H]-D-aspartate loading) increased
[*H]-D-aspartate release, corroborating the idea that nico-
tine’s effect on GABA transport depends on stimulation of
the glutamatergic system.

We then pursued the identification of a cellular pathway
that could be associated with the nicotinic effect on GAT-1.
Because NMDA receptor activation modulates GAT-1 activ-
ity [15, 32, 37] and GABA transporters might be regulated
by phosphorylation [20-23], we hypothesized that an NMDA
receptor-mediated calcium influx and PKC activation path-
way could be related to nicotine’s effects in [’H]-GABA
uptake and release. Thus, the [’H]-GABA uptake assay in
retinal explants was performed in the presence of 100 nM
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Fig.2 Lack of nicotine modulation of GAT-1 protein density in the
retina a Western Blot of 60 kDa GAT-1 transporters in E12 retina,
after 30 min of incubation with basal or nicotine 50 pM. b Densitom-
etry analysis demonstrating no difference in the GAT-1 protein levels
(relative to p-tubulin) between the control and nicotine-treated group
(control =0.918 +0.139; n=3; nicotine=0.950+0.161 a.u.; n=3).
Data are represented as mean arbitrary units (a.u.)+S.E.M. ¢ [*H]-
GABA release in both control and nicotine treated groups are pre-
vented by NO-711 on E12 chicken retinas (Nic/Basal=1.76% +0.26;
n=4; Nic+NO-711/NO-711=0.78%+0.13; n=11; % of
[*H]-GABA released (stimulated/basal)). Data are represented as % of
stimulated/basal (a.u.)+S.E.M. **p<0.01

G0 6983, a pan-specific PKC inhibitor (Fig. 3¢). G6 6983
alone did not modify the basal [PH]-GABA uptake; however,
it abolished the inhibitory effect of nicotine. These results
indicate that the effects of nicotine on GABA transport are
dependent on excitatory amino acid release, activation of
NMDA receptors, and activation of PKC.

As some nicotinic and NMDA receptors are highly per-
meable to Ca>* jons, ratiometric calcium imaging was per-
formed in mixed retinal neuro-glial cultures at EC6 (from
E&8 retinas kept for six days in vitro). Retinal cells can be seg-
regated in terms of Ca®* signaling because neurons respond
to 50 mM KCI while glial cells respond to ATP [34, 35],
as shown in Fig. 4a-b. Nicotine only activated retinal cells
that were also stimulated by 50 mM KClI (Fig. 4c), a feature
associated with Tuj-1 or Betay;; tubulin antibody labeling
in our cultures [35], hallmarks for a neuronal phenotype.
Approximately 13% of retinal neurons responded to nicotine
(156 out of 1223 cells). On the other hand, nicotine did not
affect cells that were selectively activated by 1 mM ATP
(627 cells), which were shown before to be labeled by 2M6
or GFAP antibodies, characteristics of glial cells (Fig. 4c)
[29, 35]. Calcium shifts induced by brief perfusion of 50 uM
nicotine were completely blocked by 3 pM mecamylamine
(Fig. 4d), indicating that the response was mediated by nic-
otinic receptor channels. Likewise, NMDA only activated
cells that were also stimulated by KCI (presumably neurons),
and neither of these responses was blocked by mecamyla-
mine (Fig. 4d—e). Approximately 62% of the retinal neurons
(161 out of 259 cells) responded to 100 pM NMDA (in the
absence of Mg?"), while there was no response in cells that
responded to ATP (92 glial cells). As expected, the NMDA
response was blocked by 50 pM MK-801 (Fig. 4g). How-
ever, the responses to nicotine were also completely blocked
in the presence of 50 pM MK-801 (Fig. 4f). Data are quanti-
fied in Fig. 4h and i.

Discussion

In the present work, we investigated how acute exposure
to nicotine acts on GABA transport in chicken embryos’
retinas and retinal neuron-glia cells in culture. Nicotine
decreased GABA uptake and increased GABA release,
apparently through PKC-dependent modulation of GAT-1
activity. As demonstrated by release experiments and sin-
gle-cell imaging in culture, nicotine activates at least two
mechanisms that might lead to PKC activation. Single-cell
imaging revealed that nicotine activates nicotinic receptors
(blocked by mecamylamine), eliciting calcium transients in a
population of retinal neurons, which might directly promote
PKC activation. As expected, NMDA receptors also induced
Ca**influx, blocked by MK-801. Since, nicotine promotes
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Fig.3 Nicotine increases [PH]-GABA release via NMDA recep- »
tor activation followed by PKC mobilization. a [’H]-GABA
release is two-fold increased 30 min after nicotine 50 uM exposure
on E12 chicken retinas, and this effect is prevented by MK-801,
a NMDA selective antagonist (Control=0.92%+0.10; n=8§;
MK-801=0.87%+0.10; n=3; Nicotine=2.01%+0.11; n=23; Nico-
tine + MK-801=0.68% +0.10 [°’H]-GABA release (% of total), n=3).
b Nicotine induces an enhancement of [°H] -D-aspartate release in
cultured retinas, at an equivalent age when compared to ex vivo tissue
experiments (Control=1.64%+0.04; n=35; Nicotine=2.20% +0.14
[PH]-GABA release (% of total), n=3) ¢ Addition of G&-6983
100 nM in ex vivo retinal explants, 5 min prior to release assay,
reverts nicotine’s effect of [PH]-GABA release increment to basal val-
ues (Control=0.214+0.005; n=5; Go 6983=0.178+0.017; n=6;
Nicotine=0.111+0.006; n=5; Nicotine+Go 6983=0.143+0.011
[’H]-GABA uptake (pmol/mg/h); n=4). Data are represented as
mean+S.EM. **p<0.01; ***p<0.001; ****p<0.0001 from con-
trol and ##p <0.01; ###p <0.0001 from basal nicotine 0.0
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receptor-induced calcium influx and further PKC activation.

GATs are bidirectional electrogenic symporter carriers
that depend on sodium/chloride gradient for promoting
GABA transport [38]. In chicken retinas, it is possible to
observe mainly three out of the four types of GABA trans-
porters: GAT-1, GAT-3, and GAT-4 [38]. GAT-3 and GAT-4
are mostly expressed in glial cells, while GAT-1 is in neu-
rons, as also observed in other CNS areas [39]. The replace-
ment of sodium ions by Tris, or the reduction to lower tem-
peratures (4°C), abolished [’H]-GABA uptake in embryonic
avian retina cells, NO-711, a selective GAT-1 inhibitor [28]
also blocked both uptake and release, demonstrating the
relevance that GAT-1 has in the GABA uptake of chicken
embryos’ retina over other types of GABA transporters.

In addition to these findings, a reduction in approximately
45% of [’H]-GABA uptake was observed when retinas were
incubated with 50 uM nicotine for 30 min, which was not
observed at lower concentrations such as 1 or 10 uM. Inter-
estingly, this effect was shown to occur after 10 min of the 0.307 = cTRL
addition of nicotine, but not after 5 min. Clearly, brief expo- Bl Nic 50uM
sure to 50 uM nicotine raises intracellular calcium in a sub-
population of retinal neurons, but longer exposures could
have additional effects, possibly associated with nicotinic
receptor desensitization [40]. The increase of GABA and
dopamine release by nicotine have already been shown in
even higher concentrations of nicotine in the retina [4]. Our
results on the effects on GABA uptake suggest that signal-
ing cascades are involved by activation of other pathways or
neurotransmitters release, as we are going to discuss.

We have previously demonstrated that excitatory amino
acids, such as aspartate induces [’H]-GABA release via
NMDA receptors activation in the avian retina cells [12]. 0.00 T T
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Fig.4 Nicotine-induced calcium shifts on cultured chick retina. a
Retinal cells in culture are shown in a bright field (left panel), KCl
fluorescence (middle panel), and ATP fluorescence (right panel). b
A typical graph is shown, each line represents a single selected cell,
for the responses of nicotine, KCI, and ATP. ¢ Nicotine activated reti-
nal cells that were stimulated by 50 mM KCI, the typical response
of neurons; on the other hand, nicotine did not affect cells that

evoking [*H]-GABA release more efficiently. Therefore,
intracellular pathways are activated by calcium influx
mediated by NMDA receptors which are efficiently regu-
lated [12]. It is widely known that in the striatum [41], hip-
pocampus [42], thalamocortical synapses at the prefrontal
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were selectively activated by 1 mM ATP, red line. d Calcium shifts
induced by nicotine were blocked by 3 pM mecamylamine. e NMDA
activated cells that were also stimulated by KCI, and both responses
were not blocked by mecamylamine. f NMDA response was blocked
by 50 pM MK-801. g The responses of nicotine were blocked in the
presence of 50 pM MK-801. Data are quantified in (h) and (i)

cortex [43], ventral tegmental area, and accumbens [44] or
other areas involved with reward circuitry [45], nicotine has
been shown to induce glutamate release. We have shown that
nicotine can also induce endogenous excitatory amino acid
release in the avian retinal circuitry, therefore, activation of
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glutamatergic receptors is a possible mechanism control-
ling [*’H]-GABA release invoked by nicotine. As demon-
strated, nicotine increases [’H]-GABA release in the avian
retina, and pre-incubation of retina cells with MK-801, an
NMDA receptor antagonist, prevented the nicotine effect on
[’H]-GABA release. Nonetheless, it is important to note that
MK-801 has been reported to inhibit o7 nAChR in humans
in lower concentrations than used in this work, showing
eightfold less potent inhibition than mecamylamine [46];
this might need further verification in our model.

Since GAT-1 protein levels were not changed, transport
activity may have been modulated by nicotine through post-
translational mechanisms. GATs are regulated by protein
kinases such as tyrosine kinase, which phosphorylate tyros-
ine residues that increase GAT-1 levels in the membrane
[21], or PKC, which phosphorylates serine residues of the
same transporter, constitutively withdrawing it from the
plasma membrane [22, 23]. Those sites are mainly found on
the intracellular loops 1 and 2, which can regulate the trans-
porter activity and expression [47, 48]. Thus, these trans-
porters are constantly being recycled to/from the cytoplasm
or moving laterally through it [38]. Indeed, an increase in
PKC activity was shown to reduce GABA uptake in neurons
[22]. Moreover, in previous studies from our group, it has

Fig.5 Proposed model of
nicotine-mediated increase of
both GABA and EAA release
in the chick retina. We sug-
gest that the nicotine effect on
GABA and EAA release occurs
as follows: 1 nicotine binds to
presynaptic nAChR, promoting ’

C a2+

sodium influx. 2 Sodium leads
to EAA release via its high-
affinity transporters (EAATS). 3
Increased EAA in the synaptic
cleft will enhance NMDAR l I
activation on the postsynaptic

neuron, resulting in sodium

and calcium influx. 4 Calcium K*
activates the PKC pathway. 5
Another possible pathway is
through postsynaptic nAChR
activation, increasing calcium
influx and PKC activity. 6 PKC
modulates GAT-1 activity by
phosphorylation. As a result,
GABA release is enhanced

by a mechanism of transport
reversion. Both NMDAR, PKC,
GAT-1, and nAChR roles are
impaired by MK-801, G6 6983,
NO-711, and mecamylamine
respectively

Nicotine

@ Springer
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been stated that PKA also plays a role in modulating GAT-1
transporter in chicken retinas by increasing [°’H]-GABA
release in a mechanism dependent on the reversal of this
transporter activity [12, 15]. Also, from another study of our
lab, it was possible to evaluate that this type of post-transla-
tion modification is not exclusively of GABA transporters,
but also EAATS can have their activity modulated by internal
phosphorylation by PKA, which reduced [*H]-D-aspartate
uptake [39].

We observed that the selective PKC inhibitor nearly
abolished the effect of nicotine in chick retinal cells, so we
suggest that the entry of calcium ions through NMDA recep-
tors might activate the PKC pathway and regulate GAT-1
activity in retinas exposed to nicotine. Indeed, in the chick
retina, calcium imaging reveals that neurons are selectively
stimulated by 50 mM KCI1 while glia cells are activated by
ATP [29, 34]. When nicotine was added to this same system,
only cells that were activated to KCl responded to nicotine,
but not the ones responsive to ATP. This further implied the
neuronal localization of nAChR. Conversely, other immuno-
cytochemical studies showed that nicotinic a4 and 2 subu-
nits are located on the dendritic arbors of the retinal ganglion
cells (RGCs) in the adult rabbit [49] related to the direction
selectivity of the retina. The effect of nicotine was inhibited
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by mecamylamine, a non-competitive antagonist of nicotinic
acetylcholine receptors that functions as a channel blocker.

Therefore, our results point to the following two non-
exclusive hypotheses that possibly explain the effect of
nicotine on the modulation of GABA transport. In the first
hypothesis, nicotine, a nAChR agonist, modulates indirectly
the GAT-1 transporter by targeting first nicotinic receptors
on presynaptic neurons, prompting sodium influx which will
promote EAA release, mainly glutamate, via its high-affin-
ity transporters (EAATSs) [50]. This increase of glutamate
release in the synaptic cleft will increase NMDAR activa-
tion on the postsynaptic neuron—as well as possibly AMPA
receptors—which will prompt this channel activity [28]. The
NMDAR is known to be permeable to both sodium and cal-
cium, the latter can also take part as a second messenger via
the PKC pathway (Fig. 5). On the other hand, the second
hypothesis relies on the direct effect of nicotine. Figure 4
shows that mecamylamine (a non-selective nicotinic recep-
tor antagonist), and MK-801 (NMDA receptor antagonist)
completely blocked nicotine-mediated calcium influx. How-
ever, it is important to note that MK-801 has been reported
to inhibit a7 nAChR in humans in lower concentrations than
used in this work, showing eight fold less potent inhibition
than mecamylamine [46]; this might need further verifica-
tion in our model. Therefore, it is possible that MK-801
blocked nicotinic receptors highly permeable to calcium,
such as a7 receptors, preventing ion influx and inhibiting a
potential direct effect of nicotine in activating PKC (Fig. 5).

Independently of the mechanism, for both hypotheses, the
increase of calcium influx will promote PKC activation and
the possible phosphorylation of a plethora of targets, such
as GAT-1, which can promote an increase of this transporter
activity and opening [38]. Finally, this modulation via PKC
of the GAT-1 will promote an increase in GABA release
by reversion of transport. Furthermore, both NMDAR,
PKC, and GAT-1 roles are also implied by the blockade
of the increase in GABA release respectively by MK-801
(NMDAR blocker) and G6 6983 (PKC inhibitor) (Fig. 5),
whereas GAT-1 role on GABA transport on chick retina has
already been reported [12].

Retinal nicotinic and glutamatergic receptors are highly
coupled during a period of development in which the retina
is rapidly maturing to induce calcium shifts and modify
critical periods with retinal waves. Indeed, several synaptic
and extra-synaptic factors regulate retinal waves. Choliner-
gic waves are generated parallel to glutamatergic events, as
shown with knockout vesicular glutamate transporter type
1, demonstrating that the two wave-generating circuits are
linked [51]. Our data reinforce that nicotinic and glutamater-
gic receptors run in parallel to increase calcium shifts in
the embryonic avian retina. Regarding the diseased retina,
interactions between the cholinergic, GABAergic, and gluta-
matergic systems are present in neurodegenerative disorders

[52]. Indeed, it has been shown that an o7-nicotinic cholin-
ergic receptor agonist, PNU-282987, modulates GABAA
and NMDA receptors. Authors using whole-cell patch-
clamp recordings from retinal ganglion cells from control
and glaucomatous retinal slices showed that activation of
a7-nicotinic receptor increases the amplitude of currents
elicited by GABA and reduces the amplitude of currents
elicited by NMDA [53]. Therefore, retinal nicotinic recep-
tors might be targets of agents that control the diseased
retina.

Thus, as evidenced, several factors and neurotransmitters
work together for the correct formation of the CNS, includ-
ing, the fine maintenance of the balance between inhibitory
and excitatory stimuli. Nicotine, a widely used abuse drug,
can modify both EAA and GABA transport during this
critical period of development of the avian retina. Although
further studies are needed, the elucidation of the possible
pathways and interactions with different neurotransmitters
systems is essential to develop possible countermeasures and
to understand the effects that this drug has on our CNS.
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