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ABSTRACT

AIM: To study the changes in the distribution of and the transcriptional levels associated with α4- and α7-subtype nicotinic 
acetylcholine receptors (nAChRs) in the primary somatosensory (S1) and motor (M1) cortices of rats after electrical stimulation of 
the basal forebrain (BF).   
MATERIAL and METHODS: Immunofluorescence (IF) analyses were performed on brain sections from 20 rats (experimental 
groups: controls, contralateral, and ipsilateral to BF stimulation). The nAChR receptor complexes were labeled with antibodies 
and counted (N) in the cortical layers of the hindlimb representation (S1HL), barrel field (S1BF), and M1. To determine the relative 
transcriptional mRNA levels, qRT-PCR was performed with tissue from the associated brain regions of 14 different animals in two 
groups, controls and BF stimulation.
RESULTS: For all three tested brain regions, N and D (density) of the α7-subtype nAChR increased in both ipsilateral and contralateral 
hemispheres after BF stimulation. There was no change in N and D of the α4 subtype. Regardless of BF stimulation, N of both 
subtypes was lower in M1 compared to S1HL and S1BF, and D was highest in layers II-IV. BF stimulation had no significant effect 
on the relative mRNA levels of both receptor subtypes.
CONCLUSION: The results show an upregulation of the α7-subtype nAChR as a result of BF stimulation, based on receptor-complex 
counts on IF images. However, this change was not reflected in mRNA levels, which suggest post-translational modifications. 
Overall, this study suggests structural changes from the effects of cholinergic projections to the somatosensory and motor cortices.
KEYWORDS: Somatosensory cortex, Nicotinic receptor, Cholinergic system, Basal forebrain, Motor cortex

ABBREVIATIONS: ACh: Acetylcholine, AP: Anterior-posterior, BF: Basal forebrain, D: Density, DAPI: 4’6-diamidino-2-phenylindole 
dihydrochloride, DV: Dorsal-ventral, EtOH: Ethanol, GAPDH: Glyceraldehyde-3-phosphate dehydrogenase, IF: Immunofluorescence, 
IgG: Immunoglobulin G, IP: Intraperitoneal, M1: Primary motor cortex, mAChR: Muscarinic acetylcholine receptor, ML: Medial-
lateral, mPFC: Medial prefrontal cortex, N: Number of receptor complexes, nAChR: Nicotinic acetylcholine receptor, NaCl: Sodium 
chloride, NBM: Nucleus basalis of Meynert, PB: Phosphate buffer, PBTx: Phosphate buffer with Triton X-100, PBTxg: Phosphate 
buffer with Triton X-100 and goat serum, PC: Pacinian corpuscles, qRT-PCR: Quantitative real-time polymerase chain reaction, 
RA: Rapidly adapting fibers, ROI: Region-of-interest, RT: Room temperature, S1: Primary somatosensory cortex, S1BF: Primary 
somatosensory barrel field, S1HL: Primary somatosensory cortex of the hindlimb, SA-1: Slowly adapting type 1 fibers, SA-2: Slowly 
adapting type 2 fibers, T: thickness
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█   INTRODUCTION

Acetylcholine (ACh) is a key neurotransmitter that 
regulates several higher cortical functions, including 
attention, plasticity, and memory, through muscarinic 

(mAChR) and nicotinic (nAChR) receptors (37,38,73,77). Most 
of the cortical ACh is released by the terminals of cholinergic 
neurons whose cell bodies are located in the basal forebrain 
(BF), specifically in the nucleus basalis of Meynert (NBM). 
NBM has diffuse projections in the cortex (7,30,66,74). As a 
result, ACh has a widely distributed effect in the brain (26,34). 
The extracellular concentration of cortical ACh can give 
information about the level of activity in the cholinergic neurons. 
As a neuromodulator, ACh can change neuronal excitability 
and synaptic dynamics while regulating sensory processing 
(13,46,50,85). Lesions of the BF in animals cause attention 
and memory deficits (9,60), while BF stimulation increases 
cortical firing rates (3,30,33,71). It has been shown that 
electrical stimulation of the BF can regulate thalamocortical 
transmission to the auditory cortex in anesthetized rats (59).

The hindpaw representation of the rat primary somatosensory 
cortex (S1) has been relatively less studied compared to the 
barrel cortex (27). However, this area also receives inputs 
related to the mechanoreceptive fibers in the glabrous skin, 
and these fibers are similar in all mammals (5,36,40,41,49,52). 
In brief, there are four types of Aβ mechanoreceptive fibers in 
the glabrous skin: Pacinian (PC), rapidly adapting (RA), slowly 
adapting type 1 (SA-1), and slowly adapting type 2 (SA-2). 
These fibers mediate the sense of discriminative touch and 
are associated respectively with Pacinian corpuscles (45,67), 
Meissner corpuscles (20,42,43), Merkel cell-neurite complexes 
(44,65), and Ruffini endings (25; see however Güçlü et al. 
[45] regarding glabrous skin). In the rat S1 cortex, there is 
submodality convergence regarding the skin afferents (15,51), 
which has also recently been reported in monkeys (69). Tactile 
neurons in the hindpaw representation of rat S1 cortex mostly 
respond at the onset of vibrotactile stimuli applied on glabrous 
skin, but they can be entrained at low frequencies (e.g., 5 Hz) 
as measured by the vector strength of spike phases (88). 
Recently, we found that BF stimulation changes the low-
frequency synchronization of those neurons (87); spikes were 
more synchronized to 5 Hz tactile stimuli as a result of BF 
modulation. In that study, preliminary data further showed 
that ACh microinjection enhanced the modulatory effect of BF 
stimulation. However, tests with nAChR antagonists were not 
fully conclusive, which prompted us to undertake the current 
work regarding nAChRs.

nAChRs are pentameric structures which consist of a 
combination of subunits α2-α10 and β2-β4. In the mammalian 
cortex, two main subtypes are expressed: the low-affinity 
homomeric α7-subtype located both pre- and postsynaptically 
and the high-affinity heteromeric α4β2-subtype located on 
presynaptic sites (2,8,11,64,79), including thalamocortical 
fibers (55,76). Both are considered to be critical for 
learning, memory, and attention (53,54). nAChRs regulate 
synaptic transmission at both thalamocortical synapses 
and intracortical synapses (17,55,63,90). The diversity in 
their functional properties is probably a result of the subunit 
composition (1).

Tian et al. (82) studied the effects of cholinergic excitation 
in the mouse primary motor (M1) cortex, S1 cortex, and 
medial prefrontal cortex (mPFC), which is implicated in the 
top-down control of attention. In particular, layer VI was 
investigated as the main input for cholinergic innervation, 
and by using antagonists, the receptor contributions to the 
responses were varied in the different regions. In the S1 
cortex, the contributions of nAChR-mediated and mAChR-
mediated responses were 63% and 37%, respectively. On 
the other hand, the contribution of nAChRs in the M1 cortex 
and mPFC were 83% and 91%, respectively. Given these 
results within the tested regions, it may be conjectured that 
nAChRs are relatively more important in top-down modulation 
of attentional behavior, and mAChRs may have a greater role 
in the sensorimotor component of attention. On the contrary, 
the nAChR-mediated response is stronger in the S1 cortex. 
Although many studies are investigating the distribution of 
nAChR receptors in the brain (11,18,25,48,82,89), they do not 
provide detailed information regarding their specific locations 
within the S1 cortex as well as laminar distribution, which 
would be helpful data to correlate with neurophysiological 
experiments.

Since the contribution of nAChRs to somatosensory processing 
is not fully established, especially in the hindlimb area of rat S1 
cortex (S1HL; slightly larger than the hindpaw representation; 
see Chapin and Lin [15]), we hypothesized that BF stimulation 
may induce molecular and anatomical changes in the related 
area. Laminar distribution of receptor complexes with α4 and 
α7 subunits was studied with immunofluorescence (IF) in 
rats after BF stimulation. Additionally, a real-time quantitative 
polymerase chain reaction (qRT-PCR) was performed to test 
whether changes in messenger RNA (mRNA) levels were 
associated with BF stimulation. The barrel cortex (S1BF) and 
M1 cortex were also studied for comparison. The current 
results show that BF stimulation increases the number of 
nAChR complexes, including the α7 subunit, but not of those 
including the α4 subunit in both hemispheres regardless of 
the area studied. However, mRNA expression levels were not 
influenced by BF stimulation for both receptor subtypes, which 
suggests that the changes were probably post-translational. 
The preliminary results of this study were presented as an 
abstract (21).

█   MATERIAL and METHODS
Animals and Surgery

Twenty adult Wistar albino rats (7 male and 13 female, 
weight range: 192 – 407 g) were used for IF investigations (7 
controls, 6 for contralateral to BF stimulation, 6 for ipsilateral 
to BF stimulation, 1 for both contralateral and ipsilateral to 
BF stimulation). 14 adult Wistar albino rats (3 male and 11 
female, weight range: 215 – 456 g) were used for qRT-
PCR investigations (7 controls, 7 for both contralateral and 
ipsilateral to BF stimulation). Except for the 7 controls in the 
qRT-PCR procedure, the other 27 rats mentioned above were 
included in the current study after neurophysiological data 
collection under anesthesia in other studies (39,87) to minimize 
animal use. All experiments were approved by the Bogazici 
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University Institutional Ethics Committee for the Local Use 
of Animals in Experiments (Date: 16.03.2017, No: 2017/1). 
Before transcardial perfusion, all animals were under surgical 
anesthesia (65-100 mg/kg ketamine and 10 mg/kg xylazine IP) 
as confirmed by palpebral and pedal reflexes. Perfusion was 
performed with 0.9% NaCl followed by 4% paraformaldehyde 
(1.04005.100; Merck, NJ, USA) at pH 7.4. The brains were 
quickly removed and post-fixed for 24 h in neutral buffered 
paraformaldehyde/sucrose solution (4%/20%) at 4°C.

BF Stimulation

The details of craniotomy for BF stimulation are given in 
Vardar and Guclu (87). Custom-made bipolar tungsten (World 
Precision Instruments, Sarasota, FL, USA) electrodes were 
placed at NBM (ML +2.4 mm, AP -1.3 mm, DV +6.8 mm) 
based on the stereotaxic atlas (68), and previous studies (32). 
Biphasic charge-balanced electrical current pulses (pulse 
duration: 0.5 ms, amplitude: 50 µA) were applied by using an 
isolated current source (model 2300; A-M Systems, Sequim, 
WA, USA) controlled by the digital outputs of a multi-purpose 
data acquisition card (USB-6251; National Instruments, 
Austin, TX, USA). The timing of the stimulation protocol was 
programmed in MATLAB (Version R2008a; The MathWorks, 
Natick, MA, USA). A total of 3000 pulses were applied for each 
animal subject to BF stimulation (87). 

Immunofluorescence (IF) Protocol for nAChRs

Post-fixed brains were washed with phosphate buffer (PB) 
that contains Triton X-100 (PBTx) (Sigma-Aldrich, St. Louis, 
MO, USA) 6 times each for 30 min. The brains were sectioned 
coronally at 50 µm thickness by using a vibratome (VT1000S; 
Leica Biosystems, Wetzlar, Germany). Sections were rinsed 
with PBTx in a multi-well plate for further processing. For 
blocking, sections were kept in PBTx with 10% normal goat 
serum (PBTxg) for 1 h at room temperature (RT). Then, the 
sections were incubated in 150 μL primary antibody solution 
(diluted 1:50 in PBTx) for 24 h at 4°C. Rabbit polyclonal 
antibodies were used for the α4 nAChR subtype (sc-5591; 
Santa Cruz Biotechnology, Dallas, TX, USA) and the α7 nAChR 
subtype (sc-5544; Santa Cruz Biotechnology). Afterward, the 
sections were rinsed 3 times with PBTx (each 30 min). 150 μL 
of the secondary antibody solution (diluted 1:50 in PBTxg) was 
added and the sections were incubated at 4°C in darkness 
for 12 h. The secondary antibody was a goat anti-rabbit IgG 
(H+L) with Alexa Fluor 594 (A-11012; Thermo Fisher Scientific, 
Waltham, MA, USA). Finally, incubated sections were rinsed 3 
times with fresh PB each for 30 min, and then in 4 mM sodium 
carbonate solution (2 times, each 15 min) to lower background 
fluorescence. Sections were mounted with Fluoroshield 
(F6182; Sigma-Aldrich, St. Louis, MO, USA) on gelatin-coated 
slides. Some of the serial sections were counterstained with 
DAPI (D9542; Sigma-Aldrich, St. Louis, MO, USA) before 
mounting for the analysis of cortical layer thicknesses. Each 
multi-well plate also contained control samples (no-primary, 
no-secondary). Additionally, we looked at positive/negative 
tissue controls from the cerebellum to verify the antibodies 
(22,61).

qRT-PCR Analysis

RNA samples were isolated from the entire S1HL, S1BF, and 
M1 regions separately (as determined in the anteroposterior 
axis) and from both hemispheres combined to increase the 
tissue sample. The tissues were kept in TRI Reagent® (Zymo 
Research, Irvine, CA, USA) and frozen at -80ºC. Homogeni-
zation was performed in MagNa lyser (Roche Diagnostics, 
Rotkreuz, Switzerland). The homogenate was incubated at 
RT for 5 min for lysis. The lysate was centrifuged at 4 ºC for 
10 min at maximum speed (16,000 g). The supernatant was 
taken into a clean tube, 1:5 volume chloroform was added 
and mixed via vortex shaker for 20 s. The tube was incubat-
ed at RT for 2-3 min and centrifuged at 10,000 g for 18 min. 
The aqueous part was taken into a clean tube, 1:1 volume of 
100% EtOH was added and mixed via inverting the tube. The 
mixture was centrifuged in Zymo-Spin™ IIICG columns (Zymo 
Research, Irvine, CA, USA) for 1 min. The remaining protocol 
of Direct-zol™ RNA Miniprep Plus (Zymo Research, Irvine, 
CA, USA) was applied according to the recommendations of 
the manufacturer.

The RNA samples were reverse transcribed into cDNA by 
using SensiFAST cDNA Synthesis Kit (BIO-65054; Bioline – 
Meridian Life Science, Memphis, TN, USA) according to the 
recommended protocol of the manufacturer. cDNA was diluted 
1:2 and 1 µL of this was used for each qRT-PCR reaction. 

LightCycler® 480 SYBR Green I Master (Roche Diagnos-
tics, Rotkreuz, Switzerland) was used according to the pro-
tocol of the manufacturer. The reaction was adjusted to 35 
cycles. Rat primers for nAChRα4 (Forward TGACGTGGAC-
GAGAAGAACC, Reverse AGTTGGTCCACACGGCTATG) and 
nAChRα7 (Forward CAAGGCGAGTTCCAGAGGAG, Reverse 
CGCTCATCAGCACTGTTATAGA) were utilized together with 
beta-actin (Forward AGATCAAGATCATTGCTCCTCCT, Re-
verse ACGCAGCTCAGTAACAGTCC) and GAPDH (Forward 
AGTGCCAGCCTCGTCTCATA, Reverse GATGGTGATGG-
GTTTCCCGT) as the reference genes. Amplification factors of 
each primer couples were calculated, and relative gene ex-
pression was analyzed with regard to the two reference genes.

Imaging and Statistical Analyses

The serial coronal sections were obtained from the brain re-
gions S1HL, S1BF, and M1 based on the boundaries in the 
anteroposterior axis as indicated in the atlas (68). All length 
measurements (including the region boundaries) were nor-
malized according to the bregma-lambda distance of each 
rat and the atlas rat. For the histological analyses and count-
ing of labeled nicotinic receptor complexes, three sections 
from the middle of the serial-section set were used in each 
brain region. The averages of these three counts were used 
for statistical analyses. The measurement sections were not 
adjacent because of controls, different antibody staining, and 
DAPI staining; they were interleaved between the treatments. 
However, cortical layer thicknesses (T) were determined in the 
DAPI-stained section adjacent to each measurement section. 
The sections were imaged under a fluorescence microscope 
(DM2500; Leica Microsystems, Wetzlar, Germany) with a cam-
era (DFC310FX; Leica), and initially studied in LAS (Leica Ap-
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motor output layer has the most distinctive layer V compared 
to other tested regions.

Samples of IF images are shown for the α4-subtype (Figure 
1A) and the α7-subtype (Figure 1B) of nAChRs after ipsilater-
al BF stimulation. The upper panels are the images with the 
correct filter setting (N2.1) and show the supragranular layers 
of S1HL. The immunoreactivity was robust for both tested an-
tibodies, and staining could be observed at the cell perikarya 
and dendritic processes. The middle panels were obtained 
with a different filter setting (13) to test for autofluorescence. 
On the overlaid images (e.g., bottom panels), only structures 
with a single-color emission (red, but not yellow) were count-
ed (see Material and Methods). The bottom panels are from 
layer V and show the staining of large and distinct pyramidal 
neurons. The box indicates the ROI used for counting. The 
mediolateral width of the box is fixed at 600 µm as mentioned 
above. The vertical height represents the thickness of layer V 
(as verified in adjacent DAPI-stained sections) in these exam-
ples.

Effects of BF Stimulation on the Distribution of nAChR 
Complexes 

Figure 2A, B shows the number of receptor complexes (N) 
and their densities based on layer thicknesses (D) for data 
pooled across brain regions and cortical layers. In repeated 
measures ANOVA, a main effect for the experimental condi-
tion was found only for the α7-subtype nAChR (N: p=0.001, D: 
p<0.001). Post-hoc tests showed that both the contralateral 
and ipsilateral hemispheres with BF stimulation had increased 
N and D as compared to the controls. There was no significant 
effect of BF stimulation on the N and D of the α4-subtype nA-
ChRs, although a slightly increasing trend was also observed.

There was a significant main effect of brain region on N for 
both subtypes (α4: p=0.003, α7: p<0.001). Specifically, N 
was lower in M1 compared to S1HL and S1BF (Figure 3A, C). 
However, a significant difference could not be found between 
the N values from S1HL and S1BF. On the other hand, there 
was no main effect of brain region on D for the α7 subtype 
(Figure 3D). This factor was significant for D from the α4 sub-
type (p=0.040). Post-hoc tests showed that S1HL had higher 
D compared to both S1BF and M1 (Figure 3B). No interaction 

plication Software). A region-of-interest (ROI) with a width of 
600 μm and approximately parallel to the cortical surface was 
determined for each coronal measurement section. The imag-
es were saved at ×200 magnification with two excitation lights 
(filter cubes: N2.1 and I3), and the antibody-labeled receptor 
complexes in the ROI were counted for each cortical layer in 
a semi-automatic manner by using Fiji (Ver. 2.0.0; http://fiji.
sc/) image processing software. Only structures with emission 
under N2.1 filter and which had higher brightness than twice 
the background brightness were counted. We did not look for 
a one-to-one correspondence between labeled structures and 
labeled cells. That is to say, there could be more than one la-
beled receptor complex in a labeled cell, and a labeled struc-
ture could be part of more than one cell.

The numbers of counted α4- and α7-subtype nAChR com-
plexes (N) were analyzed as dependent variables in repeat-
ed-measures ANOVA by using SPSS Ver. 22 (IBM, Armonk, 
NY, USA). The brain region (S1HL, S1BF, and M1) was a with-
in-subject factor, and the experimental condition (control, con-
tralateral to BF stimulation, ipsilateral to BF stimulation) was 
a between-subject factor. Similar analyses were performed 
for the densities of α4- and α7-subtype nAChR complexes 
(i.e. D = N/T) as dependent variables. For the comparison of 
mRNA levels, both hemispheres were represented in the data 
to maximize the amount of tissue sample in qRT-PCR; there-
fore, a repeated measures ANOVA was performed with the 
brain region as the within-subject factor and the experimental 
condition (control vs. BF stimulation) as the between-subject 
factor. Post-hoc tests were done in SPSS with Bonferroni cor-
rection for multiple comparisons if a factor was found to be 
significant (p<0.05). The cortical layer thickness was analyzed 
by repeated-measures ANOVA as a dependent variable, and 
it was also included as a factor in the final step of IF analyses.

█   RESULTS
General Histological Observations

The cortical layer thicknesses obtained from the three test-
ed rat brain regions are shown in Table I as means across 
subjects (all included in the IF analyses) and standard errors. 
These values are from DAPI-stained sections, but they are 
consistent with our previous work (91), and other studies re-
ported in the literature (14,23). The total cortical thickness was 
found to be highest in S1BF (1623 µm) and lowest in S1HL 
(1567 µm); M1 cortex had an intermediate value (1594 µm). In-
deed, the brain region had a significant main effect in repeat-
ed-measures ANOVA (p=0.002). Post-hoc tests showed that 
only the difference between S1BF and S1HL thicknesses was 
significant. Additionally, the thickness changed significant-
ly depending on the layer as expected (p<0.001). However, 
there was also a significant interaction between the region and 
the layer (p<0.001). The thicknesses increased monotonically 
toward the deeper layers in both S1HL and S1BF, except in 
M1. As expected from standard neuroanatomy, layer IV is the 
main input layer in sensory cortices, but it is much thinner in 
M1. Similarly, layers II-III are the main processing layers; they 
are particularly prominent in S1BF, which has a major afferent 
input related to the whiskers. On the other hand, M1 as the 

Table I: Cortical Layer Thicknesses in S1HL, S1BF, and M1 of 
rat cortex. All Subjects from the IF Study are Included. Mean ± 
Standard Error

Cortical layer S1HL (mm) S1BF (mm) M1 (mm)

I 102.0 ± 8.1 83.2 ± 6.2 94.0 ± 6.5

II 122.9 ± 6.3 153.8 ± 14.3 109.8 ± 6.1 

III 146.9 ± 7.3 186.6 ± 18.2 128.3 ± 5.1 

IV 168.9 ± 7.4 201.8 ± 11.9 108.0 ± 6.9 

V 402.8 ± 21.8 372.5 ± 21.4 493.4 ± 39.6 

VI 623.2 ± 69.4 625.1 ± 67.0 660.3 ± 60.3 

Total 1566.7 ± 88.7 1623.0 ± 97.8 1593.8 ± 89.0 

http://fiji.sc/
http://fiji.sc/
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Figure 1: Immunofluorescence images 
of (A) α4-subtype and (B) α7-subtype 
nAChRs in the rat S1HL cortex after 
ipsilateral BF stimulation. Upper 
panels show results using the correct 
excitation/emission filter (N2.1) and show 
immunoreactivity related to the labeled 
receptor complexes. Middle panels 
show results with filter I3 used for testing 
autofluorescence. Bottom panels are 
overlaid images with ROI marked with 
a rectangle (layer V for these images) 
for counting receptor complexes. Only 
structures with a single-color emission 
(red, but not yellow) were counted. 
Magnification: ×200. Scale bars: 50 mm.

Figure 2: Total number (A) and the density (B) of α4-subtype and α7-subtype nAChR complexes with data pooled from S1HL, S1BF, 
and M1. Density values were found by dividing each count obtained in a cortical layer by the layer thickness. Control: no BF stimulation, 
ipsilateral: data from the same hemisphere of the BF stimulation, contralateral: data from the opposite hemisphere of BF stimulation. 
Error bars are standard deviations. *: p < 0.05, **: p < 0.01.

A B

A B



  901 Turk Neurosurg 31(6):896-906, 2021 | 901

Birgul Iyison N. et al: Electrical Stimulation of Basal Forebrain

but was 1.1-2.2 in S1HL and M1 across all layers. In all tested 
regions, D was the highest in cortical processing and input 
layers (II-IV). The main effect of the cortical layer on D for the 
α7 subtype followed a similar trend: D was the lowest in layer I 
and highest in layers II-IV. It is important to note, however, that 
the experimental condition, i.e., BF stimulation, did not inter-
act with the layer factor for either N or D from both subtypes. 
In other words, the stimulation effect described above was 
independent of the brain region and cortical layer.

Effects of BF Stimulation on mRNA Levels

Since there was a significant difference in the number and 
density of α7-subtype nAChR complexes after BF stimula-
tion, we studied whether this may correspond to regulation 
at the level of mRNA expression. Repeated measures ANO-
VA performed on data from different rats showed that there 
is no significant effect of BF stimulation on the relative levels 
of mRNA related to both receptor subtypes (Figure 4B). We 

effects could be found between the experimental condition 
and the brain region on either N or D for both subtypes.

When the cortical layer was introduced as a factor to repeated 
measures ANOVA, the conclusions regarding BF stimulation 
and brain region were similar to those presented above. Addi-
tionally, there were significant main effects of cortical layer on 
both N and D and for both subtypes (all p<0.001). In fact, there 
was a significant interaction between cortical layer and brain 
region on N (p=0.001 for both subtypes). For S1HL and S1BF, 
there was a consistent and a statistically significant increase 
in the number of receptor complexes (both subtypes) from ap-
proximately 100 to 1000 with differing depths, i.e., from layer 
I to layer VI. However, in M1, Ns of both subtypes stayed in 
the range of 200-300 for the layers II-IV. The layer × region 
interaction on D was significant for the α4 subtype (p=0.022) 
but not for the α7 subtype. The D of the α4 subtype was high 
(~2 per µm thickness of ROI) for the layers II-IV in S1HL and 
M1 but significantly lower in S1BF. D varied 1.2-1.9 in S1BF 

Figure 3: The number (A, C) and the density (B, D) of α4-subtype and α7-subtype nAChR complexes in S1HL, S1BF, and M1. Density 
values were found by dividing each count obtained in a cortical layer by the layer thickness. Layer data were pooled for brevity. Control: 
no BF stimulation, ipsilateral: data from the same hemisphere of the BF stimulation, contralateral: data from the opposite hemisphere of 
BF stimulation. Error bars are standard deviations. *: p < 0.05, **: p < 0.01.

A B

C D
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clear anatomic boundaries. In the first human study that 
targeted the NBM (86), the stimulation electrode was placed 
into the left NBM via the frontal approach for the patient 
with moderate AD. No difference in cognition was reported. 
However, cortical glucose metabolic activity was preserved 
in the ipsilateral temporal and parietal lobes compared to 
other cortical regions. Subsequently, the dorsolateral portion 
of NBM and sub-thalamic nucleus were stimulated bilaterally 
in a patient with slowly progressive PDD (28). The effects of 
BF stimulation were noticed in the first few weeks. Cognitive 
decline that was observed before the DBS did not continue 
following the NBM stimulation during the 13-week observation 
period. Instead, improvement in attention, concentration, and 
alertness was observed after the NBM stimulation. A recent 
study (35) targeted the intermediate part of the NBM in six 
patients with PDD. No improvements in cognitive abilities was 
observed. These variations in results of human DBS studies 
for dementia could be explained by the difference in DBS 
electrode placement.

We specifically targeted NBM, which is the source of ACh 
in the cerebral cortex, for electrical stimulation. Previous 
animal studies on the electrical stimulation of BF showed 
that sensory processing is affected mostly by cholinergic 
inputs as well as other receptor influences. We examined 
the possible effects of BF stimulation on the distribution of 
nAChRs. We have recently found that the synchronicity of 
tactile neurons in S1HL to low-frequency skin vibrations is 
improved after BF stimulation, and ACh microinjection in the 
same cortical area further enhanced this modulatory effect 
(87). nAChR-mediated responses are stronger in S1 cortex as 
compared to mAChR-mediated responses (82). In the current 
research, we studied the laminar distribution of α4- and α7-
subtype nAChRs by IF after BF stimulation. The results show 
a robust increase in the number and density (i.e., count 
normalized by layer thickness in the ROI) of the α7 subtype 

found a significant effect of a brain region only for the α4 sub-
type (p=0.016). Specifically, post-hoc tests showed that M1 
had lower levels than S1BF. S1HL had also marginally higher 
levels than M1 (p=0.051). There was no difference according 
to brain regions for the α7 subtype.

█   DISCUSSION
nAChRs are widely distributed in the mammalian brain and they 
have a role in both neuromodulation and neurotransmission 
(70). The mutations in genes that code for the α4 and β2 
subunits of nAChRs can be responsible for some forms of 
autosomal frontal lobe epilepsy (16,19,81). Mutant receptors 
increase the sensitivity to ACh compared with normal receptors 
by enhancing neuronal excitability. Therefore, the excitation-
inhibition balance is disturbed, which is the cause of epileptic 
seizures (72). In contrast, temporal lobe seizures originate from 
limbic structures and generally have self-limiting mechanisms. 
However, when their self-limiting mechanisms fail, seizures 
can last over 5 min or be repeated without recovery, which is 
defined as status epilepticus (SE) (84). SE can cause damage 
in limbic and subcortical structures, and significant cholinergic 
neuron loss in the BF is also characteristic in SE (6,31). BF is 
a part of the limbic system (31), and cholinergic modulation 
of the cerebral cortex is largely controlled by the BF (4,56,57). 
BF is important not only for epilepsy but also for dementia. 
Because there is no effective treatment for dementia, deep 
brain stimulation (DBS) could be an alternative treatment. 
Alzheimer’s disease (AD) and Parkinson’s disease dementia 
(PDD) are characterized by the loss of cholinergic neurons in 
the nucleus basalis of Meynert of the basal forebrain. Several 
post-mortem human studies show that cell loss is almost 96% 
for NBM neurons in both AD and PDD patients (12,24,29). 
However, targeting of the NBM for DBS has challenges from 
a surgical perspective because the NBM does not have 

Figure 4: Relative mRNA expression levels of (A) α4-subtype and (B) α7-subtype nAChRs in S1HL, S1BF, and M1 without and after BF 
stimulation. Both hemispheres were included in tissue samples. The expression levels were obtained with regard to two reference genes 
and normalized to the control group results. Error bars are standard deviations. *: p<0.05, **: p<0.01.
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█   CONCLUSION
Previous studies regarding the distribution of nAChR in the 
brain do not provide detailed information for the specific areas 
and layers within the S1 cortex. The current study presents 
the number and density of nAChR complexes obtained by 
the standard IF technique and is useful for future correlation 
with neurophysiological data and computational models. 
Specifically, we hypothesized that BF stimulation may induce 
molecular and anatomical changes in the hindlimb area of the 
rat S1 cortex. BF stimulation increased the number and density 
of nAChR complexes, including the α7 subunit but not of those 
including the α4 subunit, in both hemispheres regardless of 
the areas (S1HL, S1BF, M1) studied. On the other hand, the 
relative mRNA levels of both receptor subtypes, measured by 
qPCR, were not affected. Therefore, the changes observed in 
IF are attributed to post-translational modifications.
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