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Abstract—Chronic exposure to stress hormones has an
impact on brain structures relevant to cognition. Nicotinic
acetylcholine receptors (AChRs) are involved in numerous
cognitive processes including learning and memory
formation. In order to better understand the molecular
mechanisms of chronic stress-triggered mental disease,
the effect of corticosterone (CORT) on the biology of AChRs
was studied in the neuronal cell line CNh. We found that
chronic treatment with CORT reduced the expression levels
of the a7-type neuronal AChR and, to a lesser extent, of
a4-AChR. CORT also delayed the acquisition of the mature
cell phenotype in CNh cells. Chronic nicotine treatment
affected the differentiation of CNh cells and exerted a syner-
gistic effect with CORT, suggesting that AChR could partic-
ipate in signaling pathways that control the cell cycle.
Overexpression of a7-AChR-GFP abolished the CORT
effects on the cell cycle and the specific a7-AChR inhibitor,
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methyllycaconitine, mimicked the proliferative action
exerted by CORT. Whole-cell voltage-clamp recordings
showed a significant decrease in nicotine-evoked currents
in CORT-treated cells. Taken together, these observations
indicate that AChRs, and the a7-AChR in particular, could
act as modulators of the differentiation of CNh cells and
that CORT could impair the acquisition of a mature
phenotype by affecting the function of this AChR subtype.
© 2014 IBRO. Published by Elsevier Ltd. All rights reserved.
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stress.

INTRODUCTION

The nicotinic acetylcholine receptor (AChR) is a
heterogeneous family of ion channels distributed in the
central and peripheral nervous systems and non-neural
tissues. Channel opening is controlled by the
endogenous neurotransmitter acetylcholine and by
ligands such as nicotine. The AChR is made up of
different subtypes of homo- or hetero-pentameric
oligomers distributed throughout different regions of the
CNS. Some are located presynaptically, where they
modulate the release of other neurotransmitters, such as
dopamine; others are found in cell bodies and dendrites,
where they exert postsynaptic effects (Gotti et al., 2006).
The two main subtypes of AChR in the CNS are o7 and
a4B2, which are primarily expressed in brain regions that
are tightly linked to the neuropathology of Alzheimer’s
disease. They have also been associated with the patho-
genesis of dementia (Oddo and LaFerla, 2006).

Chronic exposure to stress hormones has an impact
on brain structures involved in cognition and mental
health (Lupien et al., 2009). There is consensus that
accelerated age-related cognitive decline is related to an
impaired response of the hypothalamic—pituitary—adrenal
(HPA) axis (Pardon and Rattray, 2008). In turn, the dereg-
ulation of this axis has been related to neurodegenerative
diseases, including Alzheimer’s disease (Green et al.,
2006). In humans, it has been reported that susceptibility
to stress increases the risk of developing Alzheimer’s dis-
ease (Pardon and Rattray, 2008). Under normal condi-
tions, glucocorticoids (GCs) are necessary for adequate
brain function, but in excess they modify neurotransmis-
sion systems and the transcriptional machinery. In excess
amounts they also permanently alter the HPA axis, other
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endocrine systems and behavior and brain morphology
(Lesage et al., 2001; Pardon and Rattray, 2008). Further,
excess of corticosterone (CORT), the major GC in
rodents, inhibits neuronal differentiation in the hippocam-
pus (Wong and Herbert, 2006) and GCs affect the migra-
tion of post-mitotic neurons during the development of the
cerebral cortex (Fukumoto et al., 2009). It has been
reported that AChRs modulate neuron differentiation
(Takarada et al., 2012) and that AChRs are differentially
expressed during PC12 differentiation (Nery et al., 2010).

The aim of the present work was to study the chronic
effect of CORT on the differentiation of a neuronal cell line
exhibiting a cholinergic phenotype (Allen et al., 2000).
Using fluorescence microscopy, quantitative-PCR, cell-
cycle analysis and electrophysiology, we determined that
CORT impairs the differentiation process through modula-
tion of AChR expression and function.

EXPERIMENTAL PROCEDURES
Cell culture and CORT treatment

For standard growth conditions, CNh cells were plated in
Petri dishes and maintained in feeding medium consisting
of DMEM/Ham F12 nutrient mixture (1:1) supplemented
with 10% bovine serum, 2.5% fetal bovine serum,
100U/mL penicillin, 100 pg/mL streptomycin (Sigma, St.
Louis, MO, USA), complete medium. For differentiation,
the cells were kept in differentiating medium consisting
of DMEM/Ham F12 (1:1), where the adult bovine serum
concentration was decreased from 10% to 3% and fetal
bovine serum was omitted. CORT (Sigma) was added
at the beginning of the differentiation protocol and
replenished with fresh CORT after 48h in culture.
Ethanol was used as vehicle and was kept below 0.04%
in all cases. Control cells were incubated in the
presence of the vehicle.

Transfections

CNh cells were transfected with 0.5-pug/ul of a7-GFP
plasmid (kindly provided by Dr. S. Heinemann, Salk
Institute, CA) or e-GFP plasmid (kindly provided by Dr. F.
Ceriani, Fundacion Instituto Leloir-CONICET, Argentina)
as controls. Transient transfections were performed with
Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA)
following instructions provided by the manufacturer.
Eighteen hours after transfection, cells were transferred
to differentiation medium, left untreated or treated with
1uM CORT for 48 h and subsequently harvested for
examination of the cell cycle by flow cytometry.

Fluorescence microscopy

To visualize total a7- and a4-AChR, CNh cells grown on
coverslips were washed with phosphate-buffered saline
(PBS; 150mM NaCl, 10mM Na,HPQO,, 10 mM,
NaH,PO,4, pH 7.4), fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100, and stained with
mAb306 (1/1000, kindly provided by Dr. J. Lindstrom,
Perelman  School of Medicine, University of
Pennsylvania, PA) for o7-AChR or mAb299 (1/100,
Sigma) for a4-AChR overnight at 4 °C. Next, the cells

were labeled with Texas Red-goat anti-rabbit IgG (kindly
provided by Dr. T. Santa Coloma, Institute of Biomedical
Research UCA-CONICET, Argentina) for 2 h at room
temperature (RT). To observe the cell-surface o7-
AChRs, cells were incubated with mAb306 in the growth
medium for 1 h at 4 °C, fixed and labeled with Texas Red-
goat anti-mouse IgG for 1h at RT. They were then
mounted in 90% glycerol in PBS and examined with a
Nikon Eclipse E-600 or E-300 fluorescence microscope
(Nikon, Melville, NY, USA). Images were captured using
a K2E Apogee CCD camera driven by CCDOPS software
(Santa Barbara Instrument Group, Santa Barbara, CA,
USA) or a Hamamatsu ORCA-ER CCD camera driven by
a Metamorph package (Meta Imaging Software,
Downingtown, PA, USA), respectively. For preparation of
membrane sheets, CNh cells grown on coverslips were
disrupted as previously described (Borroni et al., 2007)
using a single (100-300 ms) ultrasound pulse in KGlu buf-
fer (20 mM Hepes, pH 7.2, containing 120 mM potassium
glutamate and 20 mM potassium acetate). The resulting
membrane sheets were then fixed and labeled for o7-
AChR as mentioned above. Imaging was performed in
PBS containing 25-11g/ml of a saturated trimethylammoni-
um-DPH solution in order to identify and record membrane
sheets in the blue channel, thus avoiding biased selection
based on staining intensities in the red (Texas Red-goat
anti-mouse 1gG) channel. Membrane sheets were
mounted and examined as described above.

Quantitative fluorescence microscopy analysis

To ensure objectivity, all measurements were performed
on coded slides, under blind conditions, carrying out the
measurements of the different conditions with the same
standardized observation scheme. Fluorescence images
were analyzed with the ImageJ software (National
Institutes of Health, Bethesda, MD, USA). The average
fluorescence intensity over different areas of the cell
surface or whole cells was calculated for each
experimental condition from cells randomly chosen
under phase contrast or in the blue (UV) channel in the
case of membrane sheets. Fluorescence intensities
were measured from 16-bit images by delimiting
membrane areas (membrane sheets) or the whole cell
(total and plasma membrane AChRs) in 10-30 different
fields for each experimental condition. Fluorescence
intensity values were corrected for fluorescence
background measured in areas adjacent to the cells.
Results were expressed as the average + SEM of three
or more independent experiments.

Western blot analysis

Cells were scraped and resuspended in
radioimmunoprecipitation assay (RIPA) buffer (50 mM
Tris-HCI, pH 7.4; 150 mM NaCl; 1 mM EDTA; 1% Triton
X-100; 1% Sodium deoxycolate; 0.1% SDS; 1% protease
inhibitors). The samples were centrifuged at 4 °C to
remove debris. The supernatant was resuspended in
Laemmli’s buffer, loaded onto 12.5% polyacrylamide gels
and submitted to electrophoresis.Samples were transferred
to Immobilon membranes (Millipore Corporation, Billerica,
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MA, USA) and the proteins were revealed by immunoblotting.
We used mAb319 (a gift of Dr. J. Lindstrom, Perelman School
of Medicine, University of Pennsylvania, PA, USA) to detect
a7-AChR and mouse anti-actin (provided by Dr. T. Santa
Coloma, Biomedical Research Institute, UCA-CONICET,
Argentina) to detect actin. Chemiluminescence was
detected with ECL (Amersham Bioscience). Quantification
of bands was performed using Image J. The expression
levels of a7-AChR proteins were normalized to endogenous
actin.

RNA isolation, reverse transcription, end point PCR
(PCR) and real time PCR (qPCR) analysis

Total RNA was isolated from 1 x 10° cells using the
Quick-Zol kit (Kalium Technologies, Bernal, Buenos
Aires, Argentina). mRNA was converted into cDNA
using the Molony Murine Leukemia virus reverse
transcriptase (MLV-RT; Promega, Madison, WI, USA)
and random primers (Promega, USA).

End-point PCR was run in a Mini Cycler(MJ Research,
Waltham, MA, USA). Semiquantitative PCR analysis was
carried out by using GAPDH mRNA amplification as an
internal standard. PCR products were analyzed by
electrophoresis on a 1.5% agarose gel stained with
ethidium bromide.

Relative quantification of mRNA by gPCR was
performed using a Rotor-Gene 6000 (Corbett Research,
Sydney, Australia). The primer sequences for end-point
PCR and gPCR were: a7-AChR, sense 5-CTGATG
GTGGCAAAATGCC-3' and antisense 5-GGCCTCGGA
AGCCAATGTAG'3, GAPDH sense 5-TTCACCACCATG
GAGAAGGC-3' and antisense 5-AGTGATGGCATGG
ACTGTGGTC-3'. The comparative CT method was used
to determine the relative gene expression (Livak and
Schmittgen, 2001; Schmittgen and Livak, 2008). CT values
of target MRNA were normalized with the CT value of the
housekeeping gene GAPDH using the formula ACT = CT
(target) — CT (GAPDH) and the data are presented as
27ACT The method was further used to determine the rel-
ative expression of the same gene from two samples:
AACT = ACT (sample-A) — ACT (sample-B). Data are
presented as 2-2ACT (Schmittgen and Livak, 2008).

Morphometric analysis

In order to quantify the morphological changes undergone
by CNh cells in differentiation medium, we established
different stages of CNh development. The proportion of
cells in each stage of development (1-5, 1 being the
least developed) in differentiation media (Fig. 3A, B) was
thus followed on a standardized arbitrary basis. Cells
were imaged with a 10x phase contrast objective and
ten representative images of random fields were taken
from control and CORT-treated cells at day 4 in
differentiation media. Approximately five hundred cells
were blindly (see above) analyzed for each condition/
experiment.

Cell-cycle analysis

About 1 x 10° cells grown on 6-cm Petri dishes were
washed twice with PBS and subsequently fixed with

ice-cold ethanol 70% (v/v) (3 ml were added drop-wise).
Cells were maintained at 4 °C overnight to complete
fixation. Cells were subsequently washed twice with
PBS, resuspended in 1 ml PBS containing 100-p1g/ml of
RNAse and 40-pg/ml propidium iodide (PI; Sigma), and
incubated in the dark for 15 min at RT. Finally, the
samples were analyzed with a FACS Calibur cytometer
(BD Biosciences, San Jose, CA, USA). Data analysis
was carried out with BD Cell Quest Pro software (BD
Biosciences).

Cell proliferation studies

1 x 10° CNh cells were seeded in 35-mm plates and
treated with 1 uM CORT or 10 uM methyllycaconitine
(MLA) (control cells were treated with vehicle, ethanol or
PBS, respectively). After 24 h, 5-bromo-2’-deoxyuridine
(BrdU, 1 mg/ml; kindly provided by Dr. A. Schinder,
Fundacion Instituto Leloir, Buenos Aires, and Drs. N.P.
Rotstein and L.E. Politi, INIBIBB, Bahia Blanca,
Argentina) was added to the cell culture medium at a final
concentration of 0.03 mg/ml. After 6 h of incubation at
37°C in a 5% CO, atmosphere, the medium was
replaced with fresh medium. 18 h later, cells were
washed with PBS and fixed as above. Cells were then
treated with 2 M HCI for 20 min at RT, washed with PBS,
permeabilized with 0.2% Triton-X100 for 5 min and
stained with anti-mBrdU (1/200) overnight at 4 °C. Then,
cells were labeled with Cy2-anti-mouse 1gG (Jackson,
West Grove, PA, USA) 2 h at RT. To observe the nuclei,
cells were incubated with 0.035 mg/ml Pl or Hoechst
(Sigma) in PBS for 15min at RT. Finally, cells were
mounted and imaged as above. For quantification of the
BrdU™ incorporation index, at least 1500 cells were
counted in total from three independent experiments.

MTT assay

Cell proliferation was estimated by the MTT (kindly
provided by Dr. M.l. Aveldafo, INIBIBB, Bahia Blanca)
reduction assay (Mosmann, 1983). After treatments,
MTT (5 mg/ml) was added to the cell culture medium at
a final concentration of 0.5-mg/ml. After incubating the
plates for 30 min at 37 °C in a 5% CO, atmosphere, the
assay was stopped. The cells were washed with PBS
and solubilized with acid isopropyl alcohol. The extent of
MTT reduction was measured at 570 nm with a spectro-
photometer. Results were expressed as a percentage of
the control.

Electrophysiology

CNh cells were plated on circular coverslips (12 mm
diameter) and maintained either under control conditions
or in the presence of CORT for 48 h as described
above. For electrophysiological recordings, the cells
were changed to HBS solution containing (mM):
150 NaCl, 3 KCI, 3 CaCl2, 2 MgCI2, 5 HEPES, 5
HEPES-Na and 5 Glucose, 300 mOsm. They were then
placed on the recording chamber under constant
perfusion with HBS. Recordings were made at RT using
microelectrodes (4—6 Mohms) pulled from borosilicate
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glass (KG-33; King Glass, Claremont, CA, USA) and filled
with (mM): 120 K-gluconate, 20 KCI, 5 NaCl, 4 MgCl2, 0.1
EGTA, 10.0 HEPES, 4.0 Tris-ATP, 0.3 Tris-GTP and 10
phosphocreatine, pH 7.3, 290 mOsm. Recordings were
obtained using an Axopatch 200B amplifier (Molecular
Devices, Sunnyvale, CA, USA), digitized (Digidata
1322A; Molecular Devices), and acquired at 20 kHz onto
a personal computer using the p-Clamp 9 software
(Molecular Devices). Whole-cell voltage-clamp
recordings were performed at a holding potential of
—60 mV. In all records, series resistance was 10-20
Mohm and leak current was <100pA at holding
potential. Membrane capacitance and input resistance
were obtained from current traces evoked by a
hyperpolarizing step of 10 mV. To test the membrane
expression of AChRs on CNh cells, a puff of 50 uM
nicotine (Sigma—Aldrich) was applied by air pressure
(510 psi, 20 ms) using a Picospritzer (Parker Hannifin
Corp, Cleveland, OH, USA) and changes in the
membrane current were monitored in voltage-clamp
mode. Peak amplitudes of evoked currents were
calculated from the average of 5-10 traces.

Statistical analysis

Total AChR, a7-AChR mRNA levels and cell-cycle
parameters were analyzed by a two-way analysis of
variance (ANOVA) in order to evaluate the effects of
CORT treatment, differentiation day, nicotine, a7AChR-
GFP over-expression and possible interactions between
factors. When significant interactions were found
(a7AChR-GFP over-expression), simple effects ANOVA
was used. Tukey’s or Bonferroni post hoc test was
performed to test differences between more than two
groups. BrdU™ relative index, nicotine-evoked currents
and o7AChR levels at the plasma membrane were
analyzed by Student’s t test. Morphometric studies were
subjected to X2 analysis to assess the significance in
both distributions. All results are presented as
mean £ SEM. The observed differences were
considered to be statistically significant when p < 0.05.
Analysis of data was performed using SPSS version
21.0 and Origin version 8 OriginLab Graphing Software.

RESULTS

CORT negatively affects the expression of a7- and
o4-AChR in the CNh cell line

In order to analyze whether chronic treatment with CORT
affected the biology of neuronal AChRs, CNh cells were
incubated with 1 uM CORT for 2, 4 and 7 days (T2, T4
and T7, respectively) and the expression levels of the
nicotinic a7 and o4 AChR-subunits were analyzed by
immunofluorescence. Briefly, CNh cells were grown for
48 h in complete medium (10% bovine serum, 2.5%
fetal bovine serum) and then maintained in
differentiation medium (3% bovine serum) for the
indicated periods in the presence of CORT. As shown in
Fig. 1, the expression of a7-AChR changed along
differentiation [two-way ANOVA: F = 451 p = 0.0217
for days factor effect], with a significant drop at T2

(control T2: 67.4 + 8.9, n = 4; values represent mean
(% with respect to undifferentiated cells, T0) = SEM),
followed by a recovery at T4 (control T4: 95.8 + 8.0,
n=4) and T7 (control T7: 954 +£ 9.5, n=4).
Treatment with CORT reduced the expression of o7-
AChR by ~40% at all days tested (control: 93.9 + 8.6,
CORT: 595+ 34, n=12; two-way ANOVA:
F=18.93 p =0.0002 for CORT treatment factor
effect). These results were confirmed by western blot
analysis (Fig. 1C, control T4: 100.0 + 6.2, CORT T4:
747 £79 n=4; Students t test, p = 0.040)
employing another a7-AChR antibody, mAb319.

To gain further insight into the changes in o7 protein
expression, we quantified the changes at the mRNA
level. As shown in Fig. 1D, the expression of a7-AChR
mRNA changed along differentiation in a similar way to
that of the protein [two-way ANOVA: F = 8.80
p = 0.0180 for day factor effect]. In the absence of the
steroid, mMRNA levels decreased at T2 (control T2:
0.66 + 0.11, n = 3) and increased at T4 (control T4:
2.03 + 0.45, n = 3) with respect to the mRNA level at
TO. Treatment with CORT suppressed the expression of
a7-AChR mRNA at all tested days [two-way ANOVA:
F = 33.60 p = 0.0004 for CORT treatment factor effect).

Protein expression of the a4-AChR subunit was also
examined by fluorescence microscopy. CORT was also
found to decrease the expression of the AChR
containing an o4 subunit (control: 138.3 + 11.6, CORT:
99.0 +£ 22.8, n = 12; two-way ANOVA: F =755
p = 0.0132 for CORT treatment factor effect], albeit to a
lesser extent than that of a7-AChR (Fig. 2).

CORT affects the differentiation of CNh cells

After chronic treatment with CORT, CNh cells did not
reach a mature morphology. In order to quantitatively
analyze this effect, we first defined different stages of
development of CNh cells, as described in
Section ‘Morphometric analysis’. As shown in Fig. 3A, a
careful evaluation of cell morphology by phase contrast
microscopy at day four of differentiation revealed that
the majority of control CNh cells remained at stages 2
and 3. In contrast, CORT-treated cells remained
principally at stage 1, showing an undifferentiated
phenotype, which reached about 35% in CORT-treated
cells (Fig. 3B). We also observed a reduction at stage 3
(Fig. 3B) in CORT-treated cells with a consequent
decrease in the differentiated phenotype. X2 analyses
(p < 0.05) indicated differences between the two
populations. CORT-treated cells at T4 exhibited a
degree of differentiation equivalent to undifferentiated
cells at TO (data not shown). These results suggest that
CORT impairs or delays cell differentiation in CNh cells.

To confirm that CORT affects the differentiation of
CNh cells, we resorted to cell-cycle analysis. Cells were
labeled with Pl and studied by flow cytometry (Fig. 3C).
As shown in Fig. 3C, when CNh cells were changed to
differentiation medium they remained arrested mainly in
GO0/G1 (control: 69.1 +£ 2.3, CORT: 59.0 + 1.3, n = 12;
two-way ANOVA: F = 19.22 p = 0.0004 for CORT
treatment factor effect). The dotted gray line denotes
the GO/G1 level in undifferentiated CNh cells (data not
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Fig. 1. CORT negatively affects the expression of a7-AChR in CNh cells. (A) Representative immunofluorescence images of CNh cells treated with
1 1M CORT for different times. Control cells were treated only with the vehicle. At different days cells were fixed and stained with ot7-AChR specific
antibody (mAb306). Bar: 20 um. (B) Graph showing the quantification of fluorescence intensity of a7-AChRs relative to undifferentiated cells
(column at TO). Results are expressed as mean + SEM of at least three independent experiments. Two-way ANOVA followed by main effects
analyses: p < 0.001 for treatment factor effects; p < 0.05 for day factor effects; n = 4. (C) Analysis of the levels of a7-AChR protein in CNh cells
differentiated for 4 days (T4), treated with 1 M CORT. Control cells received only the drug vehicle. Protein levels were determined by Western blot
analysis. Graph show normalized o7-AChR / actin ratios in control and CORT-treated cells. Student’s t test, p < 0.05; n = 3. (D) Left, Agarose gel
electrophoresis of the PCR reaction products. Transcripts of at7-AChR and GAPDH were detected as bands of 210 and 243 bp respectively. M:
DNA marker (100 bp ladder), Right, Relative expression of a7-AChR mRNA during 1 pM CORT exposure of CNh cells. The fold change of a7-
AChR was calculated using 2"24¢T. 7-AChR mRNA expression was referred to GAPDH gene and compared to the calibrator (T0) (See Methods).
Results are expressed as mean + SEM of at least three independent experiments. Two-way ANOVA followed by main effects analyses: p < 0.001
for CORT treatment factor effects; p < 0.05 for day factor effects; n = 3). (*) Denotes statistically significant differences between control and CORT
groups; (*) denotes statistically significant differences within the control group. The presence of one, two or three symbols indicate p values < 0.05,
<0.01 and <0.001, respectively.
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Fig. 2. CORT affects the expression of a4-AChR in CNh cells. (A) Representative immunofluorescence images of CNh cells treated with 1 uM CORT
for different periods of time. Control cells were treated only with the vehicle. At the days noted, cells were fixed and stained with oi4-AChR specific
antibody (mAb299). Scale bar = 20 um. (B) Graph showing the quantification of fluorescence intensity of a4-AChRs relative to undifferentiated cells
(column at TO). Results are expressed as mean + SEM of at least three independent experiments. Two-way ANOVA followed by main effects
analyses: p < 0.05 for CORT treatment factor effects; n = 4). (*) denotes statistically differences between control and CORT groups (p < 0.05).

shown). In contrast, cells treated with CORT prolonged
their G2/M phase, still remaining as undifferentiated
cells after T7 (Fig. 3D) (control: 22.6 + 1.7, CORT:
354 £18, n=12; two-way ANOVA: F = 34.41
p = 0.00001 for CORT treatment factor effect). For the
S phase we found an effect by day factor (two-way
ANOVA: F = 32.25 p = 0.00001 for day factor effect),
but no effect by the CORT treatment factor. For both
control and CORT cells, there were differences in the S
phase at T4 (p < 0.001 T2 vs. T4) and T7 (p < 0.00001
T2 vs. T7) with respect to T2. These results show that
CORT affects the cell cycle of CNh cells, shifting them
to a more undifferentiated stage.

AChRs are involved in the differentiation of CNh cells

In order to evaluate whether AChRs are involved in the
differentiation process of CNh cells, we treated these
cells with 50 pM nicotine from the beginning of the
differentiation process, and then analyzed the stage of
their cell cycle by flow cytometry. We used T2 in
subsequent experiments as T2 marks the beginning of
differentiation (arrest in GO/G1 phase, Fig. 3C). As shown
in Fig. 4A, nicotine treatment dramatically altered all cell-
cycle parameters when the cells were analyzed at T2. It
was possible to determine that CORT treatment affected
differentiation in the GO0/G1 phase (two-way ANOVA:
F = 16.41 p = 0.0037 for CORT treatment factor effect),
also in the presence of nicotine (two-way ANOVA:

F = 23.78 p = 0.0012 for nicotine factor effect). For the
S phase we found an effect by CORT treatment factor
(two-way ANOVA: F = 25.02 p = 0.0011 for CORT
treatment factor effect). Similarly, for the G2/M phase we
found an effect by the CORT treatment factor (two-way
ANOVA: F =29.53 p = 0.0006 for CORT treatment
factor effect) and for the presence of nicotine (two-way
ANOVA: F = 26.62 p = 0.0009 for nicotine factor effect).
Furthermore, in the presence of nicotine, CNh cells were
less differentiated, i.e., they exhibited a decrease in the
G0/G1 phase (control: 65.2 + 0.8, control + nicotine:
59.5 + 2.6, n = 3) and a concomitant increase in the G2/
M phase (control: 26.27 + 0.9, control + nicotine:
32.94 £+ 2.7, n = 3), thus resembling CORT-treated cells
(CORT: 33.4 = 1.7, n = 3) (Fig. 4A). Interestingly, when
nicotine was incubated together with CORT, a synergistic
effect was observed on the cell cycle, as evidenced by
the decreased cell arrest in the GO/G1 phase (CORT:
60.7 = 0.7, CORT + nicotine: 52.7 + 0.3, n = 3) and a
further increase in the G2/M phase (CORT + nicotine:
43.0 = 0.9, n = 3) (Fig. 4A). These results indicate that
AChRs participate in the differentiation of CNh cells, and
that CORT acts at least in part through these receptors,
eventually affecting the cell-cycle signaling pathway.

CORT enhanced CNh cells proliferation

In order to evaluate whether the undifferentiated CNh
cells were in a proliferative state as a consequence of
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analyses: GO/G1, p < 0.001 for CORT treatment factor effects; S, p < 0.00001 for day factor effects; G2/M, p < 0.0001 for CORT treatment factor
effects; n = 3). Left panels show representative cell-cycle distribution at T4 of each condition. (*) Denotes statistically significant differences
between control and CORT groups (for each phase, respectively); (*) denotes statistically differences within control or CORT group. The presence

of three symbols indicates p values < 0.001.

the CORT treatment, we calculated BrdU incorporation as
a measure of cell proliferation in control and CORT-
treated cells at T2 (Fig. 5A, B). We found that the
BrdU" incorporation index was higher by 2.3-fold in
CORT-treated cells (BrdU™ incorporation index: control
23.8 £ 1.8, CORT 559 + 4.3; Student's t test,
p = 0.0024, n = 3).

Additionally, we calculated a proliferation index (S
phase plus G2/M phase) as in Wang et al. (2011). For
the proliferation index we found an effect by the CORT
treatment factor (two-way ANOVA: F = 16.46
p = 0.0037 for treatment factor effect) and for the pres-
ence of nicotine (two-way ANOVA: F = 23.82
p = 0.0012 for nicotine factor effect). As shown in
Fig. 5C, CORT treatment significantly increased the prolif-
eration index (CORT: 39.3 = 0.7, n = 3) compared to
control cells (control: 34.8 + 0.8, n = 3). Nicotine treat-
ment increased the proliferative index in control (con-
trol + nicotine: 40.5 + 2.6, n = 3) and even more so in
CORT-treated cells (CORT + nicotine: 47.3 + 0.3,
n = 3) (Fig. 5C). We complemented this study with the
MTT assay, which has been used to estimate the prolifer-

ative state of cells (Mosmann, 1983). We found an effect
in the MTT reduction as consequence of CORT treatment
(two-way ANOVA: F = 14.40 p = 0.0026 for CORT treat-
ment factor effect). Cells treated with CORT and CORT
plus nicotine were found to exhibit a higher degree of pro-
liferation (~50%) than untreated cells at T2 (Fig. 5D).

Overexpression of GFP-tagged a7-AChR abolishes
the effects of CORT on the cell cycle

As shown in Fig. 1, the expression levels of a7-AChR
were reduced by about 40% as a consequence of
CORT treatment. In order to analyze whether this
subtype of receptor was specifically involved in a cell-
cycle defect triggered by CORT, we overexpressed o7-
AChR-GFP plasmid or eGFP as a control in CNh cells
and analyzed the cell cycle under different conditions.
As shown in Fig. 6, the control transfection procedure
with eGFP plasmid alone did not modify the cell cycle at
T2: ~65% of control cells remained in GO/G1 (control-
GFP: 66.7 £ 2.7, CORT-GFP: 57.9 £ 1.6, n = 4-5;
two-way ANOVA followed by main effects analyses:
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Fig. 4. Nicotine treatment modified the cell cycle in CNh cells. (A) Representative histograms of cell cycle in control and 1 uM CORT-treated cells
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histograms of cell cycle of CNh cells at T2 in control and 1 M CORT-treated cells with or without 50 LM nicotine (nic).

F = 10.04 p = 0.009). Overexpression of a.7-AChR-GFP
did not modify the cell cycle in control cells but abolished
the effects of CORT on the cell cycle (control-at7-AChR-
GFP: 63.7 £ 2.5, CORT-a7-AChR-GFP: 67.3 + 1.3,
n = 4-5. In order to evaluate whether the a7-AChR was
specifically involved in the proliferation of CNh cells, we
resorted to BrdU incorporation as a measure of cell
proliferation in control and CNh cells treated with the
specific a7-AChR inhibitor, MLA, at T2 (Fig. 6C, D). The
BrdU™ incorporation index was found to be ~34%
higher in MLA-treated cells (BrdU™ incorporation index:
control 33.2 £ 1.0, MLA 44.5 + 3.8; Student’s t test,
p = 0.0292, n = 4). These results strongly suggest that
CORT induces cell-cycle progression through the
a7AChR or that this AChR subtype is able to rescue the
cell-cycle alterations provoked by CORT treatment.

CORT treatment inhibits nicotine-evoked currents in
CNh cells

It is a well-established fact that hydrocortisone reversibly
and noncompetitively suppresses AChR response in rat
superior cervical ganglion cells (Uki et al., 1999). More-
over, studies have shown that CORT inhibits AChRs in
PC12 cells in a noncompetitive manner (Shi et al,
2002). To further examine whether chronic treatment with
CORT inhibits AChR function during differentiation, CNh
cells were differentiated for two days in the presence of
CORT, and their ability to evoke ionic currents was ana-
lyzed after puff application of 50 uM nicotine (Fig. 7).
Whole-cell voltage-clamp recordings in CNh control and
CORT-treated cells showed no difference in intrinsic
membrane properties (input resistance 487.6 +
100.5 MQ vs. 318.6 + 70.7 MQ, p = 0.23; resting poten-
tial —49.9 £ 2.6 mV vs. —50.7 £ 3.9 mV, p = 0,87; and
capacitance 35.9 + 6.0 pF vs. 33.6 £ 5.5 pF; with

n = 12 for control and n = 8 for CORT). Moreover, a
transient inward current in response to nicotine applica-
tion was observed in control cells (Fig. 7A, B). However,
chronic treatment with CORT for two days markedly
reduced the peak amplitude of the nicotine-evoked cur-
rents (control: 27.6 £ 6.0, n=12; and CORT:
1.92 £ 2.23, n=8; p = 0.0033) (Fig. 7A, B). These
results confirm that chronic treatment with CORT down-
regulates AChRs and in turn abolishes the nicotinic
response, thus indicating a putatively cholinergic mecha-
nism underlying the CORT-related cell-cycle arrest
described herein.

CORT impairs the plasma membrane expression of
a7-AChR in CNh cells

An alternative mechanism by which CORT induces cell-
cycle arrest might be the impairment of a7-AChR cell-
surface expression, affecting AChR signaling. To test
this, the plasma membrane expression of a7-AChR was
measured in cells treated with CORT at T2. Two
different fluorescence microscopy approaches were
employed in order to study the surface localization of
a7-AChR. As shown in Fig. 8, the plasma membrane
expression of a7-AChR in CNh cells decreased by
~25-30% after CORT treatment (control: 100.0 + 6.4,
CORT: 744 £ 4.7, n = 3; Student’s t test, p = 0.03).
Similar results were observed using unroofed plasma
membrane sheets: membrane sheets from CORT-
treated cells had 50% lower levels of o7-AChR with
respect to control cells (control: 100.0 + 10.1, CORT:
48.1 +£ 6.2; n = 3; Student’s t test, p = 0.01). These
results indicate that CORT impairs the expression of
a7-AChR and its cell surface delivery. Although this
could be an additional mechanism of down-regulation of
a7-AChR signaling, it falls short of explaining the ~95%
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Fig. 5. CORT treatment promotes cell proliferation in CNh cells. (A) Representative immunofluorescence images of CNh cells treated with 1 pM
CORT (control cells were treated only with the vehicle) at T2 showing Pl and BrdU labeling. Bar: 20 pum. (B) Estimation of the BrdU™* proliferation
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experiments. Student’s t test, p = 0.0024. (C) Proliferation index (S phase + G2/M phase (Wang et al., 2011)) estimated for control and 1 pM
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Two-way ANOVA followed by main effects analyses: p < 0.01 for CORT treatment factor effects, p < 0.01 for nicotine factor effects; n = 3. (D)
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treatment. The presence of two symbols indicates p values < 0.01.

decrease in o7-AChR function observed in the

electrophysiological experiments (Fig. 7).

DISCUSSION

Stress contributes to a number of brain disorders and
various studies have shown the relationship between
stress and AChRs (reviewed in (Hunter, 2012)). It has
been reported that AChRs are important mediators of
adaptation to stress in a number of brain regions
(Hunter, 2012). However, the molecular and cellular
mechanisms behind these observations are still unknown.

In this work we show that chronic CORT treatment
prevents CNh cells from acquiring a mature phenotype,
manifested in a decrease in the GO/G1 phase and an

increase in proliferation. This phenomenon is mediated
by the interaction or modulation of CORT with the
AChR. Additionally, the CORT-induced cell-cycle
alterations were rescued by a7-AChR overexpression
and the CORT effect could be mimicked by employing
the a7-AChR specific inhibitor MLA. These findings
indicate that AChRs, and the o7-AChR subtype in
particular, are required for the acquisition of a mature
cell phenotype in the CNh neuronal cell line, and thus
the absence of the AChR protein from the plasma
membrane, or its dysfunction, would result in
impairment of cell differentiation.

GC acts over GC receptors which are expressed
throughout the brain. These receptors could function as
transcription factors and then regulate gene expression,
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Fig. 6. Overexpression of GFP-tagged a7-AChR abolished the effects of CORT in the cell cycle. (A) CNh cells were transfected with GFP or
o7AChR-GFP plasmid. Eighteen hours post transfection, cells were transferred to differentiation media and treated with 1 pM CORT or vehicle
(control) for two days. Results are expressed as mean + SEM of at least three independent experiments. Two-way ANOVA followed by simple
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in CORT group; p < 0.01 for control vs. CORT factors in G2/M phase in GFP group p < 0.01 for GFP vs. aAChR-GFP factors in G2/M phase in
CORT group. (*) Denotes statistically significant differences as a consequence of CORT treatment (for each phase, respectively); () denotes
statistically significant differences resulting from transfection. The presence of one or two symbols indicate p values < 0.05 and < 0.01,
respectively. (B) Representative histograms of cell cycle of control and CORT-treated CNh cells at T2 transfected with the plasmid encoding for
GFP or a7AChR-GFP. (C) Representative immunofluorescence images of CNh cells treated with 10 ;tM MLA (control cells were treated with the
vehicle only) at T2 showing Hoechst and BrdU labeling. Scale bar = 20 um. (D) The BrdU™ proliferation index (calculated as the proportion of
BrdU™ cells to total cells in each field for control and MLA-treated cells at T2). Nuclei were labeled with Hoechst stain. At least 1500 cells were
counted in each case. Results are expressed as mean + SEM of four independent experiments. Student’s ¢ test, p = 0.0292. The presences of one
symbol indicate p value < 0.05.

i.e. genomic effects. Thus, GCs may potentially have steroid-response element, the genomic target of GC
long-lasting effects on the function of various brain receptors (Leonard et al., 2002), and SP1 sites, targets
regions (Lupien et al., 2009). Additionally, GC could have for downstream signaling of glutamate receptor activation
non-genomic actions apparently mediated by binding to (Leonard et al., 2002; Hunter, 2012). It has been
membrane proteins such as ligand-gated ion channels observed that GCs and chronic or prenatal stress affects

(Shi et al., 2002). The a7-AChR gene contains a cortico- a7-AChR gene expression (Carrasco-Serrano and
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Criado, 2004; Hunter et al., 2010; Neeley et al., 2011). As
a consequence of acute or chronic exposure to stress
hormones, the a7-AChR could therefore be the target
for genomic and non-genomic GC action. In the present
work evidence that both mechanisms participate in the
effects of CORT on CNh cells is presented: (1) CORT
treatment significantly reduced the a7-AChR mRNA level;
(2) a7-AChR levels decreased at the plasma membrane
as a consequence of CORT treatment; and (3) CORT
treatment practically abolished (>95%) AChR currents
evoked by nicotine.

The reduction in protein expression could not account
for the total loss of ionic currents observed after a nicotine
pulse in CORT-treated cells. It is thus tempting to
speculate that CORT exerts its action over the AChR by
inhibiting its functionality as well as targeting the cell
surface by both genomic and non-genomic effects.

The alteration induced by nicotine in the cell cycle
demonstrated that nicotinic signaling participates in the
progression of CNh cell toward a mature phenotype.
Alterations induced in the cell cycle by nicotine
treatment were also reported in other cell lines
(Utsugisawa et al., 2002; Resende et al., 2008). It is inter-
esting to note that nicotine treatment produced the same
effect as CORT treatment, i.e. maintaining the cells in an
undifferentiated state. These results could be explained in
the light of evidence that chronic nicotine treatment dis-
ables AChR signaling (Ke et al., 1998) in a manner similar
to that exerted by CORT. Moreover, the a7-AChR inhibi-
tor MLA mimics the CORT action on cell proliferation in
the cell model system employed in the present work. Pre-
vious work described a relationship between nicotine
exposure, AChR and cyclins, key regulators of the cell
cycle (Pestana et al., 2005; Chen et al., 2011). Altogether,
CORT, through AChR and its downstream signaling cas-
cade (see below), could modulate the genomic effects on
the cells cycle of CNh cells.

CORT modulates adult neurogenesis in the
hippocampus (Cameron and Gould, 1994) and increased
levels of this GC inhibit neuronal differentiation in this
cerebral area (Wong and Herbert, 2006). Chronic stress
induces cycling cells in the adult hippocampus to arrest
in G1 (Heine et al., 2004). In the present work CORT
treatment of CNh cells was found to negatively affect
arrest in the GO/G1 phase. In contrast, CORT treatment
induced G0O/G1 arrest in a mouse mammary hyperplastic
cell line (Jiang et al., 2002). GC treatment negatively
affected the proliferation of embryonic rat neural stem
cells by decreasing the levels of cyclin D1 (Sundberg
et al., 2006). Furthermore, dexamethasone markedly
inhibited proliferation-cells entered the GO phase-, sur-
vival and astroglial differentiation of neural stem and pro-
genitors cells (Wagner et al., 2009).

The a7-AChR transduces the binding of acetylcholine
into a rapidly desensitizing Ca®?" influx. This type of
receptor is widely expressed throughout the mammalian
brain and is involved in sensory gating, learning,
memory formation and neuroprotection. Due to its high
Ca?* permeability it participates in various signal
transduction mechanisms such as the ERK/MAPK and
the JAK2/PIP3K/Akt cascades, promoting neuronal

survival by inducing the production of the anti-apoptotic
proteins Bcl and Bcl-x (Barrantes et al., 2010). Cells over-
expressing a7-AChR have increased basal expression of
Akt, which is related to cellular differentiation processes
(Utsugisawa et al., 2002).

It is widely accepted that AChRs participate in
neuronal development and differentiation (Hermans-
Borgmeyer et al., 1989; Levey and Jacob, 1996;
Svoboda et al., 2002; Falk et al., 2003; Campbell et al.,
2010; Nery et al.,, 2010; Nordman and Kabbani, 2012;
Takarada et al., 2012; Narla et al., 2013). Yet the mecha-
nism by which synaptogenesis is coordinated during brain
development remains unclear. An interesting possibility is
that AChRs may play a key role in this process (Myers
et al.,, 2005). During brain development, nicotinic
responses mediate excitation and are widely distributed
at early stages, largely mediated by a7-AChRs (Lozada
et al., 2012). Early a7-AChR signaling is extremely impor-
tant in promoting the development of glutamatergic path-
ways (Lozada et al, 2012). As mentioned in the
Introduction, there is broad consensus that accelerated
age-related cognitive decline is related to an impaired
response of the HPA axis (Pardon and Rattray, 2008)
and that deregulation of this axis is related to neurodegen-
erative conditions such as those found in Alzheimer’s dis-
ease (Green et al., 2006). It has been reported that stress
increases the susceptibility to develop Alzheimer’s dis-
ease (Pardon and Rattray, 2008; Buynitsky and
Mostofsky, 2009) and chronic stress affects gene and pro-
tein expression of o7-AChR in the rat hippocampus
(Hunter et al., 2010). One could speculate that these
mechanisms are operative in the developing brain of fetus
exposed to GC. Based on current data, it is plausible that
in the developing brain, higher CORT levels could interact
with and/or modulate the expression and functionality of
AChRs, finally affecting the characteristics or the fate of
the affected neurons.

In conclusion, the present findings provide
experimental evidence that chronic CORT treatment
during cell development reduces the level of expression
of AChRs and virtually suppresses nicotinic signaling in
a model system. Furthermore, the data suggest a
putative mechanism by which chronic stress affects an
important physiological signaling pathway, ultimately
impairing cell-cycle arrest and as a consequence,
correct cell fate acquisition.
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