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ABSTRACT

LAYER SPECIFIC DISTRIBUTION OF MUSCARINIC
RECEPTOR M2 IN THE SENSORIMOTOR AREAS OF RAT

BRAIN

Current understanding of attentional mechanisms within the tactile modality

is not fully known. We have recently studied muscarinic receptor-mediated responses

of vibrotactile neurons which vary according to cortical depth due to the differences in

the local connectivity in the cortex. The aim of this study is to characterize specific

muscarinic receptor subtype (M2) by immunofluorescence technique for understanding

the role of these receptors within the associated cortex. In particular, differences

between barrel field (S1BF), motor cortex (M1) and hindlimb area (S1HL) of the rat SI

were investigated. Coronal sections (50 µm) from 7 Wistar Albino rats were obtained

for each area. Mouse monoclonal anti-mAChR2 was used as primary antibody and goat

anti-IgG1 with Alexa Fluor 594 was used as secondary antibody. Ethidium bromide

was used on additional sections to determine layer thicknesses and total number of

cells within a layer. Statistical analyses were performed on three dependent variables:

Average number of M2 receptor complexes (M2RC) in a layer (N), average number of

M2RC normalized with layer thickness (D), and average number of M2RC per total

number of cells in a layer (C). 2-way ANOVA showed significant main effects of layer

on N, D, and C (p<0.001, p=0.002, p=0.053, respectively). Area and layer interaction

was only observed for N (p<0.001). On the other hand, area did not have a main effect

for any dependent variable. The number of M2RC was highest in layer V, VI, IV for

M1, S1BF and S1HL, respectively. Additionally, when the average number M2RC were

normalized according to thickness, highest M2 density were observed in layer II and

III for all areas. In other layers, M2 density was similar for S1HL and S1BF, but lower

than M1. There was no general difference among the three cortical area regarding the

number and density of M2RC which is consistent with the cholinergic innervation in

the sensory-motor areas. However, the distribution of M2RC varied within each area.

Keywords: Somatosensory, Cortex, Immunofluorescence, Cholinergic, Attention.
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ÖZET

SIÇAN BEYNİNDEKİ DUYU-MOTOR ALANLARINDA
MUSKARİNİK RESEPTÖR M2 KOMPLEKSİN

KATMANSAL DAĞILIMI

Dokunmayla ilişkili nöron aktivitesinin dikkate bağlıdeğişimi tam olarak bil-

inmemektedir. Önceki çalışmamızda kolinerjik reseptörlerin birincil beden duyusu ko-

rteksindeki titreşimsel uyarılabilen nöronlar üzerindeki etkilerini inceledik ve muskarinik

reseptör bağlantılıyanıtların korteks katmanlarına göre değiştiğini gördük. Temel se-

bep korteksteki lokal bağlantısal farklılıklardır. Tez çalışmamızın amacı kortekste bu-

lunan muskarinik reseptör 2 (M2)’yi immünfloresans tekniği ile işaretlemektir. Böylece

M2’nin dağılımı daha iyi görülebilecek ve devre yapısıda anlaşılabilecektir. Ayrıca, mo-

tor korteks ve birincil beden duyusu korteksi bıyık alanı ve arka ayak alanı arasındaki

farklar incelenebilir. Yedi Wistar albino sıçanda ilgili beyin alanlarından 50 µm kalın-

lığında koronal kesitler alınmıştır. Primer antikor olarak fare monoclonal anti-mAChR2

(IgG1) antikoru ve sekonder antikor olarak da Alexa Fluor 594 kullanılmıştır. Katman

kalınlığı ve toplam hücre sayısımı için bazı kesitler etidyum bromit ile boyanmış. M2

reseptör kompleksi (M2RK) manuel olarak sayılmış ve istatistiksel analizler üç farklı

bağımlı değişken üzerinden yapılmıştır: katmandaki ortalama M2 reseptör kompleks

sayısı (N), katman kalınlığına göre normalize edilmiş ortalama M2 reseptör kompleks

yoğunluğu (D) ve katmandaki ortalama M2 reseptör kompleks sayısının toplam hücre

sayısına oranı (C). İki Yönlü ANOVA sonuçlarına göre N, D ve C için katman ana etki

olarak çıkmıştır (sırasıyla p<0.001, p=0.002, p=0.053). Sadece N için korteks alanı

ve katman arasında anlamlı bir etkileşim olmuştur (p<0.001). Ancak hiç bir değişken

için korteks alanlar ana etki olarak çıkmamıştır. En fazla M2RK sayısı sırasıyla M1,

S1BF ve S1HL için katman V, VI ve IV’tür. Ayrıca, ortalama M2RK sayısı katman

kalınlığına göre normalize edildiğinde, M2RK yoğunluğu tüm alanlar için katman II ve

III’te bulunmuştur. M2 yoğunluğu diğer katmanlarda S1HL ve S1BF için benzer ancak

M1’den azdır. Sonuçlar beyindeki genel kolinerjik inervasyonla uyumlu olup, üç alan

arasında bir farklılık vardır. Fakat, her alan içinde M2RK farklılık göstermektedir.
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1. INTRODUCTION

Attention is a complex behavioral and cognitive process of allocating cognitive

processing resources to focus on someone or something interesting while ignoring others.

We orient either by the movement of eyes and head (overt shift of attention) or with-

out shifting of the head and eyes (covert shift of attention) [1, 2]. It is considered that

this cognitive shift involves the cholinergic system and it is accompanied by increased

acetylcholine (ACh) levels in the brain. This system is necessary for cognitive functions

that depend on attention [3–6]. According to findings by Sarter et. al [5], cholinergic

system has an effect on attentional processes via two mechanisms; bottom-up and top-

down. According to the bottom-up mechanism, sensory inputs from the external world

often drive our attention based on characteristics of stimuli. In top-down modulation

mechanism, the brain is capable of directing attention toward or away from the stimuli

based on our previous experiences. Whatever the mechanism is, attention depends

on the cholinergic system which is mediated by nicotinic (nAChRs) and muscarinic

(mAChRs) receptors. Basal forebrain is one of the main centers of the brain including

cholinergic neurons. These neurons and their axons from the specific nucleus of the

basal forebrain (nucleus basalis of Meynert) to the cortex. Studies have shown that

decline in the number of the cholinergic neurons in the basal forebrain is the main rea-

son of decreasing cholinergic input to the cortex. Thus, it may be one reason for some

deficits in Alzheimer’s disease (AD) [7]. Immunochemical labeling techniques helped

us to determine mAChRs and nAChRs in the rat frontal/motor and parietal cortex at

the neural and sub neural level [8], [9–12]. However, little attention was given to the

detailed distribution of cholinergic receptors in neocortex specifically in the sensory and

motor areas, which are essential part of understanding the mechanism of cholinergic

system related with disease such as AD and attention deficit disorder (ADD). There-

fore, the physiological and morphological characterization of cholinergic receptors in

the sensorimotor areas of the rat cortex would contribute to the understanding of atten-

tional modulation of tactile input. In this master thesis, the distribution of muscarinic

receptor type 2 (M2) will be investigated in three areas of the rat neocortex; barrel
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field (S1BF), hindpaw representation of SI cortex (S1HL), and primary motor cortex

(M1). The results will be useful for ongoing research about a computational model of

vibrotactile neurons in the rat cortex.

1.1 Outline

The thesis consists of four chapters. The first Chapter presents the background

information about the relationship between attention and cholinergic system, the cy-

toarchitecture of the brain (layers and neuron types) and the cholinergic receptors

found in the brain. In Chapter 2, the methods and materials used in the experiments

are explained. In Chapter 3, the results of performed experiments and statistical com-

putations are presented. The fourth Chapter presents conclusion and discussion about

results and the recommended future work.
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2. BACKGROUND

2.1 Attention and Cholinergic System

Acetylcholine (ACh) is the first identified and the most common neurotransmit-

ter in the body. In general, it is an excitatory neurotransmitter. Biosynthesis of the

chemical is made by choline acetyltransferase (ChAT). The enzyme assembles Acetyl

coenzyme A (acetyl CoA), which is glucose-derived molecule, and choline. With the

high hydrolysis capability of acetylcholinesterase (AChE) the action of ACh is termi-

nated. ACh can be found in all parts of the nervous system. In the peripheral nervous

system (PNS) it is located either in muscle tissues to control the neuromuscular mech-

anisms, and synapses in the autonomic nervous system to regulate the viscera. In

the central nervous system, it is located in many places such as the cerebellum, basal

forebrain, neocortex etc. [13]. It works as a neuromodulator agent in the brain, which

can excite or inhibit the neurons. For years, it has been claimed that ACh has the cru-

cial role in cognitive functions such as learning and short-term memory [3, 5, 14, 15].

However, the recent psychopharmacological and histological evidence support the idea

that cholinergic system is an integral part of the attentional process [3, 6, 16].

Cholinergic system affects the attentional processes through two semi-separated

but interacting processing mechanisms, as stated by Sarter et al. [5]. The first one

is bottom-up (signal driven) processing or exogenous attention. The bottom-up pro-

cessing is described as being under control of external signal such as sensory stimuli.

Thus, it is known as stimulus-driven attention. It occurs immediately as a sudden loud

noise or motion. It can unwillingly draws our attention [18]. It is mediated primarily

by parietal lobe, temporal lobe and brainstem [19]. The second one is the top-down

processing (goal-driven, endogenous). Observer’s goals, desires or previous experiences

play a vital role in the process and person intentionally allocates his/her attentional

resources to a predetermined location or space [20]. The frontal lobe and basal ganglia
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Figure 2.1 Working system of the ACh in the synaptic cleft (Adopted from [17]).

primarily mediate the system as an executive function [21]. The cholinergic system

can make selective attention easy by a general effect on "top-down" mechanism in

parietal cortex especially in frontoparietal part [22] and via region-specific influences

in perceptual areas of the sensory system.

The contribution of the cholinergic system to the attentional process is optimiz-

ing signal processing in particular in attention required contents. To do this, specific

projections from the basal forebrain are necessary. Consequently, the encoding of in-

formation and processing of attention required tasks are enhanced by boosting the

process of sensory input (bottom-up processing). These projections can be organized

and adjusted by the prefrontal cortex impact on the basal forebrain as well. Thus,

remote control of the cortex can be conducted by prefrontal cortex [4, 22–29].
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Figure 2.2 Schematic diagram of posterior and anterior attention system and their elements [5].

The release of ACh is specific to the area and types of sensation, regardless of

which mechanism (top down or bottom up) is used [30, 31]. For instance, in frontal

cortex, thalamocortical connections are facilitated after olfactory, auditory and tactile

stimuli and ACh release is elevated [32]. In somatosensory cortex, inputs (excitatory

and/or inhibitory) from cortico-cortical connections are suppressed or facilitated by

ACh receptors after tactile stimuli [32]. These discrepancies are more likely caused by

the characteristics of receptors on the cell membrane. However, it can be interpreted

from the pharmacological studies that the sensory input processing in attentional per-

formance is regulated predominantly by ACh via the activity of nicotinic (nAChRs)

and muscarinic (mAChRs) acetylcholine receptors in the cortex.

Classifications of the receptors were made according to different pharmacological

properties of the molecules such as affinity and sensitivity. Sarter et al. demonstrated

that intrinsic connections belong to top-down processing mechanism, which are ex-

citatory or inhibitory, are regulated via muscarinic receptors whereas, sensory input

processing is regulated by nicotinic receptors [5].
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2.2 Cholinergic receptors

2.2.1 Nicotinic Receptors

Nicotinic receptors (nAChRs) are ligand-gated channels which are pentameric,

nonselective cationic, and excitatory. It belongs to the Cys-loop receptor family [33].

These channels are proteins with a molecular mass of 290 kDa, and they have 5 subunits

(α, β, γ, δ and ε) arranged symmetrically around a central pore (pentamer) [34] (see

Figure 2.3). In vertebrates, 2 different subtypes of nicotinic receptors are defined based

on their primary sites of expression; muscular subtypes and neuronal subtypes. Nico-

tinic receptors are expressed by sixteen genes. Five genes are responsible for encoding

of neuromuscular type of nAChRs and the eleven genes are responsible for encoding of

neuronal subtypes [35, 36]. This type is located postsynaptically and responsible for

the contraction and relaxation of the muscles [33]. The neuronal subtypes of nAChRs

are composed of the combination of nine different nicotinic receptor subunits; α1,2,3,4,5,6

and β2,3,4 [37–39]. The all combinations can be seen in Figure 2.3 [40]. These receptors

are abundant in the central nervous system on neuronal and non-neuronal cells such

as glial, and endothelial cells. They are found in the layer I, III, IV and upper layer VI

of cerebral cortex [41–44]. Clarke [41] and Sahin et al [45] demonstrated that presy-

naptically located nAChRs have direct role in thalamocortical transmission [46, 47].

nAChRs are also known to be located postsynaptically on interneurons [45]. They act

as intermediary in the postsynaptic action of the ACh [43, 46]. Synaptic transmis-

sion of intracortical synapses are enhanced as well [45, 48–51]. Subunit composition

of the nicotinic receptors are most probably the reason for the functional diversity

of the nAChRs [52].The nicotinic receptors have functionally significant two major

subunits which are predominantly expressed subtypes in the mammalian brain. The

α4β2 (high affinity nicotinic heteromeric acetylcholine receptors) and α7 nAChRs (low-

affinity nicotinic receptors) [36, 53]. α7 nAChRs are found especially in hippocampus

and prefrontal cortex (PFC). It has role in neuroplasticity and memory functions in

the hippocampus. In addition to the hippocampal role, it also has role in regulating

working memory in the PFC [33]. The β7 nAChR subtype is responsible for the neu-

ronal growth regulation, differentiation of neurons and formation of synapses during
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development [54]. Nicotinic receptor activity increases in afferent connections. If it col-

laborates with muscarinic receptors, suppression occurs on intrinsic junctions. Thus,

old information is suppressed while new information is amplified. Therefore, nicotinic

receptors have an important role in enhancing certain part of memory phases [55].

Figure 2.3 Structure of nAChRs [40].

2.2.2 Muscarinic Receptors

mAChRs are G-protein coupled metabotropic receptors. They have received this

name because it is sensitive to muscarine, which is a toxin obtained from mushroom.

Using selective radioactive-labeled agonist and antagonist substances, five subtypes of

muscarinic receptors have been identified (M1-M5) in mice and in human [56]. On the

other hand, there are only four subtypes in rat; M1-M4 [57]. The structure of all four

is shown in Figure 2.4 [40]. G protein family can be classified based on binding of α

subunit to G protein (i.e. Gq/11 and Gi/o). M1, M3 and M5 bind to Gq/11, while
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M2 and M4 bind to Gi/o. Although M1, M2 and M4 are distributed throughout the

cortex, expression of M4 is less than M1 and M2 [58].

When muscarinic receptor subtypes is compared to nicotinic receptor subtypes,

much less is known about the action of the muscarinic subtypes in the brain [58, 59].

M1 receptor works both in exocrine glands and central nervous system (CNS). Neu-

rophysiological studies in human and rat showed that M1 subtype is found in both

postsynaptic and presynaptic sites of the neurons in CNS. M2 receptor is located in

the heart (myocardium) in the peripheral nervous system (PNS). It is responsible for

slowing the heart rate and decreasing the contractility of the atrium. The functional

problems in the ion channel-M2 receptor system causes diseases such as Chagas dis-

ease. M2 can be found widely in the CNS as well. Generally, in the CNS it works

as an inhibitory neuromodulator e.g. in caudate putamen. M2 subtype is located on

the presynaptically and/or postsynaptically on the membrane [46]. Under electron mi-

croscopy investigation, it localized on axons terminals and dendrite spines [40, 60, 61].

M3 receptors can be found in lungs, blood vessels and urinary tract [62]. It is respon-

sible for the regulation of saliva activity when the food intake starts. Growth hormone

activity is regulated by M3 receptors. On the other hand, M3 is also expressed in CNS

(hypothalamus, hippocampus etc.). M4 receptors are mostly found in the striatum in

the CNS. In the Parkinson’s disease, the key area is the striatum and the extensions

of dopaminergic neuron onto the striatum decreases and muscular deficits. Thus, M4

receptor antagonists are used in the Parkinson’s disease to reduce patient’s tremors

and rigidity of the muscles.

Studies with mAChRs agonists and antagonists to understand the role of the

mAChRs in nervous system have already showed that mAChRs mediate several effects

of ACh in the developing CNS. For example, effects of ACh is mediated by mAChRs

on proliferation of astrocytes and oligodendrocytes, differentiation and survival of the

cell in rat [54]. On the other hand, ACh has an inhibitory role through muscarinic

receptors. This allows selection of particular information while suppressing others

[63, 64]. In vivo studies indicate that some modulation of the cortical responsiveness
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is mediated by the activation of mAchRs [65, 66] . It has been known that muscarinic

receptor has several different effects on different cortical layers and cell types [67]. For

example, studies conducted on brain slices show that muscarinic receptor activation

has striking effect on the slow depolarization of the pyramidal cells in the cortex and

this effect increases the spike response to excitatory signal [60]. It was determined that

the combined blockade of nicotinic and muscarinic receptors has stronger impact than

each receptor type blockade alone. However, the underlying mechanism still have not

been identified [7, 61, 68]. The specific roles of these subtypes on the regulation of

neuronal signal mechanism are not very clear.

Figure 2.4 Structure of mAChRs (Adopted from [69]).
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2.3 Cytoarchitecture of the Neocortex

The neocortex is the last evolved compartment of cerebral cortex in mammals.

It constitutes the 90% of the cerebral cortex in human. It is the outer layer of the

brain that covers the whole brain. It has convolutions called gyri and sulci. Neocortex

is considered to be a significant progress that it is responsible for carrying out a huge

number of ’higher’ brain functions done by the nervous system such as consciousness,

cognition, language, problem-solving, motor and sensory processing [40]. Different

mammalian species have neocortices varying in shape, size, and neuron number [70].

Neocortex is approximately 1-4 mm thick and there are mainly 6 layers which

are given in sequence going from the most superficial to the deepest level, Layer I to

layer VI. The morphological and the functional properties of each layer in neocortex

vary from one to other. The layers were initially distinguished on the basis of their

appearance in Nissl stained sections, which is primarily sensitive to the density and

size of neural cell bodies The detailed columnar structure may be seen in Figure 2.5

[71].

Figure 2.5 Detailed columnar structure of Neocortex [71].
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Molecular layer I is also called plexiform layer, which is located closest to the

pial surface of the brain. This layer has few neuron bodies. It contains many nuclei,

which belong to glial cells, myelinated fibers and few neurons of granular and horizontal

neurons of Cajal. It consists almost all axonal and dendritic branching [72] . External

granular layer II, which is known as an outer granular layer contains small granular

(Golgi type II cells) and pyramidal neurons. Granular type neurons are divided into

two distinct types. One is Golgi type II with short axons that reach close to neuron

body. Second, The Golgi type I has long axons reaching far from the body. Its axons go

up to the cortical surface where it can make various axonal and dendritic connections.

Layer III has moderate and large sized pyramidal neurons. Furthermore, there are some

Marinotti (triangular or polygonal) and granular neurons. Afferent fibers projecting

from thalamus, cortico-cortical connections reach layer III and IV. These synapse with

both efferent cortical neurons and intercortical (granular, Martinotti and horizontal

types) neurons. Internal granular layer IV mainly consists of Golgi type II and some

small pyramidal neurons. It is an input layer with the layer II and receives inputs from

the thalamus and other regions of cortex [73]. Internal pyramidal layer V contains large

pyramidal neurons, few Marinotti and granular cells. Due to having huge pyramidal

Betz cells in the motor cortex, this layer is also called Ganglionic layer V. The pyramidal

neurons have (in Layer III and Layer V) apical and basal dendrites. Apical dendrites

extend to superficial layers of the cortex while basal dendrites mainly remain within the

layer. Fusiform layer VI contains almost all types of neurons such as Golgi type I and

II, fusiform (spindle-shaped ascending dendrites), and Martinotti cells (long ascending

axons). Many myelinated neuron fibers that come from and go to medulla are also

located here. Extension of the dendrites of the large cells can reach to the layer I but

small neuron’s dendrites can reach only to layer IV. Layer VI cells’ axons can extend

to subcortical (e.g. thalamus) and cortical areas.
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Figure 2.6 Neural circuits in the cortex (G: granule cell, H: horizontal cell, M: Martinotti cell, P:
pyramidal cell, S: stellate cell. The arrows in the figure shows the information flow)[73].

2.4 Localization of Cholinergic Receptors in the Cortex

In the literature, there are some studies used histological and immunohisto-

chemical methods such as acetylcholinesterase (AChE) and choline acetyltransferase

(ChAT) to visualize the ACh release and the projections of the neurons in the cortex

[42],[74]. AChE is an enzyme responsible for hydrolysis of ACh at the synaptic cleft.

Thus, it interrupts the cholinergic activity in the synapse [7]. It was used as the target

of staining to visualize neurons which contains this enzyme. AChE staining results in

a dense staining in layer I, IV and VI of somatosensory cortex of rat [7]. However, this

method is not convenient to visualize cholinergic neurons and their projections since it

has been proven that non-cholinergic neurons also have AChE. In the 1970s, specific

monoclonal antibodies against ChAT have been used to visualize cholinergic neurons.

ChAT is an enzyme responsible for the biosynthesis of ACh. Therefore, ChAT is a

direct marker for cholinergic neurons. ChAT-positive dotted structures and varicose

fibers are presented through all layers of the cerebral cortex. Many of these fibers which

are vertically oriented create a meshwork impression to several cortical layers. Houser
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et al. [42] showed that cholineceptive neurons are seen within the cerebral cortex and

are located from layer II to VI. The cholinergic innervation is the highest in the deeper

layers (specifically layer V) compared to superficial layers (e.g. layer II and III) [74].

Small sized neurons (average of somata diameter is 14- 18/ µm) and multipolar shaped

neurons are rarely seen [42, 75]. Although staining of ChAT is more specific to label

cholinergic neurons, both AChE and ChAT do not give any information about receptor

types and/or their laminar distributions. In other words, to understand the functional

effect of the innervation, one must study the target neurons which express choliner-

gic receptors. Therefore, labeling of cholinergic receptors with antibodies allows the

researchers to detect the location and to quantify the distribution of these receptors.

In study of Zee et al [7], immunofluorescence labeling revealed that individual choline-

ceptive cells within cortex express enhanced levels of both nicotinic and muscarinic

receptor types. The highest number of cells with cholinergic receptors is observed in

layer V of parietal cortex. In layer II and III, it is highly presented as well. Receptor

density decreases in the order of layer II, III, VI and layer IV [7]. However, there is

no detailed information about the distribution of muscarinic and nicotinic receptors in

different layers of the somatosensory cortex.

2.5 Aim of the Study

In the previous studies, the general distribution of cholinergic receptors in pari-

etal cortex and motor cortex was already shown [7]. However, the detailed distribution

of the muscarinic and nicotinic ACh receptors was not investigated in particular areas

in the somatosensory cortex, that is to say barrel cortex. In this thesis, it is hypothe-

sized that the distribution of cholinergic receptors is not homogenous throughout the

primary somatosensory cortex (SI), because the projection densities from other brain

regions to different representations (i.e. barrel field and hindlimb area) in SI are dif-

ferent. The novelty of this study is that it provides information about the distribution

of M2 in the barrel field (S1BF) and hindpaw representation of SI cortex (S1HL) (an-

terior part of the parietal lobe) in each cortical layer. With the result of the thesis,

we aim to understand anatomical basis of attentional modulation in the sensorimotor
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areas of the rat cortex. Additionally, the results of the study will be used for creating

computational models of vibrotactile neurons in rat cortex.



15

3. MATERIALS AND METHODS

3.1 Animals

All procedures of the experiment were approved by Boğaziçi University Institu-

tional Ethics Committee for the Local Use of Animals in Experiments (BÜHADYEK).

These rats were previously used in the electrophysiology experiments performed in our

laboratory. Ten adult (3 Female, 7 Male) Wistar albino rats were used in the Nissl

staining. Seven adult (2 Female, 5 Male) Wistar albino rats were used for EtBr stain-

ing and immunohistochemistry (IHC). The rats were anesthetized with ketamine (65

mg/kg) and xylazine (10 mg/kg) intraperitoneally (IP) before transcardial perfusion.

3.2 Fixation and Brain sectioning

In order to preserve tissue well and prevent from autolysis and decay, the brain

was fixated by transcardial perfusion. Saline solution (0.9% NaCl) was used to clean

the blood out of the tissues first and then 4 % paraformaldehyde (PFA) was used to

fixate the tissues in a gravity-feed system. Post-fixation was made with neutral buffered

paraformaldehyde (NBPFA) / Sucrose solution (20% sucrose in 4% paraformaldehyde).

When the brain sank in solution, the brain was ready to be sectioned. The brain was

sectioned in 50 µm thickness by using a vibratome (Leica VT1000S-vibration frequency:

30Hz, cutting speed: 0.25 mm/s). Sectioning was done in phosphate buffered saline

(PBS) solution to keep the tissue wet. Tissue sections were placed onto slides coated

with gelatin and were left in the room temperature for 12 to 18 hours for desiccation,

which is carried out to dehydrate the tissue physically.
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3.3 Nissl Staining

First, alcohol series were performed for dehydration, demyelination, and rehy-

dration (70%, 95%, 100%, 95%, 70%, and 50%). Then, slides were rinsed in distilled

water (dH2O) which is followed by staining with Cresyl Violet for 4 to 5 minutes. To

remove excessive dye, slides were washed with two changes of distilled water. To de-

hydrate the tissue, sections were rinsed in 95% and 70% alcohol for 5 minutes. Slides

were placed in a differentiation solution (acetic acid + 95% alcohol) to adjust the color

of stain. Dehydration was continued with 95%, 100% alcohol, one minute each. Lastly,

slides were held in xylene for 3 minutes to clear the tissue. After clearing, slides were

allowed to dry in room temperature and coverslipped with Entellan (Merck). All stages

of the protocol was shown below in Figure 3.1.

3.4 Immunostaining

12 sections were prepared from each animal to investigate the brain areas. Pre-

pared slides were selected for two different staining procedures EtBr and immunostain-

ing for M2 receptor. The 1st and 7th sections were selected for EtBr staining. From

2th to 4th and 8th to 10th were chosen for IHC-M2. The other sections (5th, 6th, 11th,

and 12th) were selected for negative control. The 5th and 11th were used for secondary

antibody control in which the secondary antibody is not added to sections while the

other steps of the protocol are applied as others. On the other hand, the 6th and 12th

sections were used for primary antibody control in which the primary antibody is not

applied.
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Figure 3.1 Flow diagram of Nissl Staining.

3.5 Counterstaining for Immunofluorescence

Layer thicknesses and the total number of neurons in the S1HL, S1BF and M1

were initially determined on slides stained with EtBr. EtBr was chosen because it can

be used as a long lasting tissue dye and can preserve the color of stain from fading.

EtBr has an excitation wavelength around ∼518 nm and emits the light at a wavelength

of ∼605nm. Thus, the neurons stained with EtBr were visualized under green light

(excitation) with a filter detecting orange light (emission). Excitation and emission
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Figure 3.2 Pictures with different magnifications (X100 and X400).

spectra for EtBr is shown in Figure 3.3.

After the brain sank in the neutral buffered paraformaldehyde (NBPFA)/Sucrose

solution (20% sucrose in 4% paraformaldeyde) (post-fixation), brain was washed 6 times
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Figure 3.3 Excitation and emission spectra for Ethidium Bromide (EtBr) [76].

in phosphate buffer (PB) that contains Triton X (PBTx) which is used as a detergent

that permeabilizes the tissue membrane. After rinsing with PBTx with 10% normal

goat serum (NGS) (PBTxg), sections were placed onto gelatin-coated slides to dry. Air

dried sections were rehydrated in distilled water for 2 minutes. Then, sections were

exposed to EtBr solution for 1 minute. They were rinsed in PB for 2 minutes. In

the final step, they were washed in distilled water and mounted using FluoroshieldTM

(Sigma-Aldrich) which is used to protect the tissue from light. The samples were main-

tained at +4 ◦C. The cortical neurons stained with EtBr are shown in Figure 3.4.

3.6 Antibody staining

In order to detect the M2 receptor complexes on the neurons of the sensorimotor

areas of the rat cortex, mouse monoclonal anti-mAChR2 (IgG1) (ThermoFisher Scien-

tific: MA3-044) was used as the primary antibody which is specific to rat muscarinic

acetylcholine M2 receptor complexes. Goat anti-mouse IgG H+L (Alexa Fluor 594®)

(ThermoFisher Scientific: A-11012) was used as conjugated secondary antibody. Its

excitation wavelength is 591 nm and emission wavelength is 614 nm. Thus, the M2
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Figure 3.4 A sample of EtBr (rat 218 sld7- s1bf 2).

complexes were visualized under green light. The excitation and emission spectra for

Alexa Fluor 594 is shown in Figure 3.5.

After the brain sank in the neutral buffered paraformaldehyde (NBPFA)/Sucrose

solution (20% sucrose in 4% paraformaldehyde) (post-fixation), brain was washed 6

times in PBTx. Sections were blocked with NGS. After blocking with 10% goat serum

for an hour, the sections (from 2nd to 5th and from 8th to 10th) were incubated in 150

µL primary antibody solution (diluted 1:250 in PBTx) for 24-48 hours in a humid box

within the refrigerator at 4 ℃. The sections were washed in PBTx for 3 times (each 30

min). Then, the sections were incubated in 150 µL secondary antibody solution (di-

luted 1:50 in PBTxg) for 12-24 hours in a humid box within the refrigerator at 4 ℃in

the dark. The sections were rinsed 3 times (with at least 30 min/rinse) in different rows

filled each time with 1.5 mL fresh PB. In the final step, to lower background staining,

all samples, including controls, the sections were rinsed 2 times (each 15 min) in 4mM

sodium carbonate solution. After that, sections were placed onto the gelatin-coated

slides. For preserving fluorescence of the samples, Fluoroshield (Sigma-Aldrich) was
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Figure 3.5 Excitation and emission values of Alexa Flour 594 [77].

used as mounting medium. Specimen slides were stored in the refrigerator and away

from light at all times.

3.7 Cell Counting

Firstly, the appropriate filter cube (I3) was used to study autofluorescence in

the tissues. Then, the filter N2.1 was used to immunostaining by using overlaid images.

A specimen slide on the stage is positioned. The Leica software is used for all tissue

monitoring and measuring steps.

In order to determine a midline through the brain areas (M1, S1HL, S1BF)

shown in Figure 3.6, a normalization procedure is required. Due to the fixation of the

tissue and variability among subjects the coordinates for locating the area boundaries

were normalized according to Paxinos & Watson atlas [78]. Area boundaries were

determined according to following equation. According to Paxinos & Watson atlas,

hemispheric width (Figure 3.6) is given as 7 mm and midline distances for each area
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are given as 1.36 mm, 2.60 mm, and 6.10 mm for M1, S1HL, S1BF, respectively. After

the hemispheric width in subject were measured, normalized midline distance for each

area is calculated. For example,
For M1

Hemispheric width in atlas (7 mm) Midline distance in atlas for M1 (1.36 mm)

Measured hemispheric width in subject

(HW)

Normalized midline distance for M1 (x)

x= HW*1.36/7

Figure 3.6 Schematic showing the hemispheric width boundaries as well as the midline distance
measurements in for each area.

The width (600 µm of the counting area was identified by inserting borderlines

on images. Annotations and measurements were performed on the Leica LAS software.

ImageJ was [79] was used to count the cell. In immunofluorescence, we looked for

cells labeled with the fluorophore, and not those with only autofluorescence. Hence,

overlaid shapes didn’t count as a M2RC due to the autofluorescence. M2RC are not

very smoothly shaped. Thus, we didn’t count the smooth shapes as receptor complexes,

as well. Except them, we marked other shapes as a M2 receptor complex.
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3.8 Statistical Analysis

3.8.1 Nissl stained data

Layers were identified based on cytoarchitecture reference. The thicknesses of

the layers were measured in Leica software the following cortical areas within the

neocortex: M1, S1HL and, S1BF. Mean, standard error and standard deviation were

calculated for each layer thickness in a given cortical area. One-way ANOVA was

conducted to determine whether the total cortical thickness varies across the areas and

two-way ANOVA was used to find whether there are any effects due to particular layer

and cortical area. SPSS Ver 22 (IBM Corp., Armonk, NY, USA) was used to do all

statistical analysis. Any significant interactions were further studied with post hoc

t-test.

3.8.2 Immunostained data

The average layer thicknesses (T) from Nissl stained sections were used to de-

termine layer boundaries in immunostained cell count analysis. The number of counted

M2 receptor complexes were defined as N within a given cortical layer and area. The

density of M2 receptor complexes was defined as the D = N / T.

Normalized number of M2RC according to total number of cells in a layer was defined

as C =N/Ntot. Ntot is the total number of cells in a given cortical layer and area which

is determined in EtBr stained sections. N, D, and C were used as dependent variable

in statistical analysis in SPSS. Two-way was used for each dependent variable with

factors of cortical area (M1, S1HL, S1BF) and cortical layer (I, II, III, IV, V, VI).
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4. RESULTS

4.1 Nissl Staining

Morphometric measurements were carried out on brain sections from ten Wistar

Albino rats and the results are summarized in the Table 4.1. To find the thickness of

each layer in a given subject, four measurements were performed on serial sections

and they were averaged. Table 4.1 shows subject averages and standard errors. The

layers were found for three brain areas primary motor cortex (M1), hindlimb area of

somatosensory cortex (S1HL) and barrel cortex (S1BF). Additionally, total thicknesses

were also measured. Sample measurements for each area are shown in Figure 4.1, 4.2,

and 4.3.

Figure 4.1 Nissl staining for measuring the length of M1 in Neocortex.

According to one-way ANOVA result, there were no statistical difference in



25

Figure 4.2 Nissl staining for measuring the length of S1HL in Neocortex.

total thickness between brain areas tested (p=0.38). The total thickness of M1 is

1663.76±68.94 µm, while of those in S1HL and S1BF are 1635.1±69.76 µm and

1765.57±68.14µm, respectively. Bar graph of total thickness for each area is shown

in Figure 4.4.

Two-way ANOVA results shows that there are significant differences regardless

of different brain area (p<0.001). Although there were no significant differences be-

tween areas as a min effect (p=0.11), there was a significant layer and cortical area

interaction. (p<0.001). To investigate whether there is interaction between layers and

cortical areas, one-way ANOVA was performed for each layer. Paired post-hoc t-test

was conducted on the layers, which have statistically significant results, to show the

interactions between the cortical areas. According to the post hoc t-test results, there

was no effect of brain area on layers I and VI. (Figure 4.5). However, there were sig-

nificant differences between area in layers II, III, IV, V (p<0.005). Layers II, III and

IV are thicker in S1BF compared to other two areas. On the other hand, layer V has

lower thickness in S1BF compared to S1HL and M1 as seen Figure 4.5.
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Figure 4.3 Nissl staining for measuring the length of S1BF in Neocortex.

4.2 Muscarinic receptor M2 staining

M2RC and total number of cells in each layer were counted from seven Wistar

Albino rats. Layer boundaries were determined by Nissl sections as described in pre-

vious sections. For each area of interest (M1, S1HL and S1BF), two slides for EtBr

staining and two slides for M2 staining were used. Representative counted samples

were shown in figures below for both EtBr staining (Figure 4.6 to 4.8) and M2 staining

(Figure 4.9 and 4.10). Average number of M2RC in a layer (N), density of M2RC with

respect to layer thickness (D), and normalized M2RC per total number of cells (C) are

given in Table 4.2 (See Appendix A for data from each rat). In order to study the effects

of cortical layers and brain areas, two-way ANOVA was performed for all dependent

variables described (N, D, and C). The results showed significant main effects of layer

on N, D, and C (p<0.001, p=0.002, p=0.053, respectively). Area and layer interaction
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Table 4.1
The average layer thicknesses measured from different cortical areas.

Layer Thickness (µm) Mean ± Standard Error
CORTICAL AREA

S1HL S1BF M1

I 97.31±15.09 75.27±9.96 96.28±13.29

II 128.2±10.15 175.2±6.53 109.17±9.74

III 155.71±11.61 213.76±9.86 132.96±10.21

IV 174.57±9.58 210.37±13.44 118.55±7.38

V 415.62±22.78 371.77±15.04 465.01±30.14

VI 663.67±33.6 719.19±29.85 741.75±35.07

Cortext Thickness 1635.1±69.76 1765.57±68.14 1663.76±68.94

was also found for N (p<0.001). However, area did not have a main effect on all three

variables. Lowest average number of M2RC (N) was observed in layer I for all brain

areas. Layer V and VI in M1 have high number of M2RC (N) compared to S1HL and

S1BF, whereas the average number of M2RC (N) was lower in layer II, III, IV in M1

(Figure 4.11). Despite being not statistically significant, S1BF has highest number of

M2RC (N) especially in layer II, III and IV. When M2 receptor density was calculated

by dividing number of M2RC by layer thickness (D), the highest values was observed

in layer II and III for all areas. There was neither significant differences between areas

nor any interaction between layer and area for D. The lowest density was observed in

layer VI (Figure 4.12). In addition to these analyses, the relative number of stained

M2 receptor was quantified by dividing number of labeled cells by the total number of

cells (C) in each layer. There were significant differences between layers for C. Because

the different sections were used for counting the total number of cells, the C measure

was not reliable for layer I (Figure 4.13). Layer IV had marginally main significant

effect on C. In general, layer II and III has highest M2RC/cell whereas layer VI had

the lowest. There were no significant differences between cortical areas except layer

IV in M1 where higher number of M2RC/cell was observed (Figure 4.13). Layer was

also significant main effect (p=0.05). Layer II and III have highest M2RC/cell ratio

whereas layer VI has the lowest.
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Figure 4.4 Total thickness of the layers in relevant areas (M1, S1HLand S1BF) (Error bars are
indicated in SEM).

Figure 4.5 The thickness of layers in M1, S1-hind leg and Barrel cortex (Error bars are indicated in
SEM, p-values denotes ∗∗<0.05, ∗ ∗ ∗<0.005)).
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Table 4.2
Average number of M2RC (N), average number of M2RC per mm thickness (D) and average number

of M2RC per total number of cells (C) for each area (M1, S1HL, and S1BF).

N (]) Layer I Layer II Layer III Layer IV Layer V Layer VI

M1 20.56 142.66 148.97 135.00 359.49 309.21

S1HL 28.85 145.95 170.13 160.33 234.81 187.76

S1BF 11.21 165.63 196.77 202.14 212.06 237.76

D (]/mm) Layer I Layer II Layer III Layer IV Layer V Layer VI

M1 198.80 1200.76 1004.53 930.96 650.54 373.49

S1HL 320.39 1022.61 959.78 747.97 537.86 291.33

S1BF 169.14 1062.11 1070.79 761.26 542.31 353.56

C (]/]tot) Layer I Layer II Layer III Layer IV Layer V Layer VI

M1 1.68 0.81 0.66 0.56 0.51 0.24

S1HL 1.62 0.74 0.71 0.37 0.41 0.19

S1BF 0.64 0.60 0.52 0.39 0.39 0.23
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Figure 4.6 EtBr staining for quantifying the total number of cells in M1. Horizontal green lines
indicate layer boundaries. Green small dots indicate counted cells (Rat 217-slide 1-Magnification x20).

Figure 4.7 EtBr staining for quantifying the total number of cells in S1HL. Horizontal green lines
indicates layer boundaries. Green small dots indicates counted samples (Rat 216-slide 7-Magnification
x20).
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Figure 4.8 EtBr staining for quantifying the total number of cells in S1HL. Horizontal green lines
indicated layer boundaries. Green small dots indicates counted samples (Rat 217-slide 1-Magnification
x20).

Figure 4.9 M2 immunostaining in S1BF. (Rat 219-slide 2-Magnification x20).
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Figure 4.10 M2 immunostaining in M1. (Rat 222-slide 2-Magnification x20).

Figure 4.11 Distribution of average number of M2RC (N) through all layers for each are. All bars
are shown as Mean + SEM.
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Figure 4.12 Distribution of average number of M2RC per mm layer thickness (D) through all layers
for each area. All bars are shown as Mean + SEM.

Figure 4.13 Distribution of average number of M2RC per total number of cells(C) through all layers
for each area. All bars are shown as Mean + SEM.
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Figure 4.14 Distribution of average number of M2RC (N) through all layers by sex for each area.
All bars are shown as Mean + SEM.

Figure 4.15 Distribution of average number of M2RC per mm layer thickness (D) through all layers
by sex for each area. All bars are shown as Mean + SEM.



35

Figure 4.16 Distribution of average number of M2RC per total number of cells(C) through all layers
by sex for each area. All bars are shown as Mean + SEM.
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5. DISCUSSION and CONCLUSION

The aim of this study was to investigate the detailed cortical layer distribu-

tion of the muscarinic receptor M2 and compare the differences between areas in rat:

S1HL, S1BF and M1. Previous studies showed the general distribution of cholinergic

receptors in parietal cortex and motor cortex. However, the especially the comparison

between S1HL and S1BF was not studied. We have successfully showed that although

the brain area is not a statistically significant main effect, M2 distribution through the

cortical layers is not homogeneous because the projection densities from other brain

regions are different. This information will set groundwork for understanding anatom-

ical basis of attentional modulation in the sensorimotor areas of the rat cortex when

the distribution of other cholinergic receptors (i.e. specific nicotinic receptors) are in-

vestigated. Moreover, our study with Nissl staining revealed cortical differences among

three different brain regions.

5.1 Comparison of Nissl staining with literature and future

work

The Nissl study replicated most of what is known in the literature. There were

no differences between the studied areas regarding the thickness of cortical layers I and

VI. The nissl staining results which is the control study to compare our calculations

for layer thicknesses with the literature showed that there are no differences in layer I

and VI with respect to the cortical areas. Layer I and VI receive projections especially

from the other layers in the cortex. Additionally, layer VI send feedback projections to

thalamus. While extensions of neurons proceed horizontally in layer I, the neurons or

their extensions diffuse heterogeneously in layer VI. Layer VI sometimes is considered

the transitional layer between grey and white matter [72]. Thus, the cytoarchitecture

differences seen here was expected results. As stated in the results, Layer II, III and IV

were noticeably thicker than other layers especially in the barrel field. Due to the fact
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that signals from the vibrissae pathway is important, which are crucial for navigation

and survival, these layer perform complex processing [80]. As expected, the M1 area,

also called a granular cortex had a thin layer IV. Some researchers claim that motor

cortex does not have layer IV. However, in the protocol of this thesis, layer IV could not

be disregarded given the cytoarchitecture observed in the sections. The method used

in the experiment may need to modified in higher resolution to obtain more detailed

results. Since layer V is main output layer of cortex, its thickness was especially highest

in the M1 area.

Although Nissl staining results were used in present immunohistochemical study

for limiting the layers in our thesis, it is also possible to use this information to identify

electrode location for neuroprosthetic applications in rat. Movement and feedback

can be provided in the prosthesis via electrode arrays placed in S1 and motor cortex.

Thus, the locations of the electrodes are significant [81, 82]. The most suitable layer

to receive the information from motor cortex is layer V. In order to provide sensory

feedback, arrays may be placed on the input layer (layer IV) in the sensory cortex, and

with electrical stimulation from layer V and VI, transfer of the information can also be

provided as well.

5.2 Comparison of immunostaining with previous literature

In the present immunofluorescence study it is clearly demonstrated that high

immunoreactivity was seen in all layers except layer I of S1HL, M1 and S1BF for the

M2 receptor. The highest number M2RC was found in layer V for M1, and S1HL

and in layer VI for S1BF0. As expected higher values were observed in thicker layers.

In our study, the highest M2RC density (D) was observed in layers II and III for all

three regions. This is consistent with the study conducted by Zee et al. (1992) [7] who

showed that muscarinic receptor 2 (M2) were most densely labeled in the layer II, III

and IV. Electron and light microscopic investigations of ChAT+ neurons showed that

except layer I, almost all cortical layers have consistent ChAT+ neuron bodies [42].

Moreover, the highest density was found both in Layer II and III of M1 and S1. This
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verifies that our results are reliable and consistent with ChAT+ staining and former

antibody staining results. In the previous studies, M35 antibody was used, but this

antibody labeled several muscarinic receptors (i.e. m1-m4 receptor subtypes) [83]. The

discrepancies between results can be attributed to methodological differences. In Van

der Zee’s study [7], sections were taken from the three coronal coordinates (Bregma 1.2,

-1.3, -3.3) according to Zilles’ Atlas. In the present study, I only studied M2 labeling

in serial sections around one coordinate (Bregma -0.4) according to Watson Paxinos

Atlas [78]. This may cause some discrepancies. However, my results were similar to

those presented in Van der Zee et al [7].

5.3 Future work

As explained in detail in the introduction, interactions and contributions of two

types cholinergic receptors have a crucial role in higher cognitive processes such as at-

tention, learning and memory [68, 84–87]. It is showed that in Alzheimer’s disease(AD),

decrease the number of cholinergic neurons in basal forebrain cause presynaptic input

depletion to the cerebral cortex. It may reduce the transmission in the cholinoceptive

neurons which have both nicotinic and muscarinic ACh receptors. Hence, the memory

problems occur. The cholinergic hypothesis support the idea that in Alzheimer’s dis-

ease not only M2 receptors, which are located presynaptically, but also nicotinic α4β2

receptors decline and the M1 receptors, which are located postsynaptically, protected

[88]. It would be important to study distribution of specific nicotinic receptors in the

cortex.

In conclusion, this study will also be helpful for setting the groundwork for study-

ing mechanisms underlying the memory impairment e.g. Alzheimer’s disease which is

directly related the cholinergic system. In addition, the results from the labeling both

nicotinic and muscarinic receptors will be utilized to construct the computational model

to understand the mechanism and modes of the attention.
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6. Appendix A

Average number of M2RC for each rat, area, and layer (N). Labeling represents area and layer (e.g. M1-L1 = Motor cortex layer

I)

RAT ID M1-L1 M1-L2 M1-L3 M1-L4 M1-L5 M1-L6 S1HL-L1 S1HL-L2 S1HL-L3 S1HL-L4 S1HL-L5 S1HL-L6 S1BF-L1 S1BF-L2 S1BF-L3 S1BF-L4 S1BF-L5 S1BF-L6

216 9.95 86.33 59.55 40.71 324.91 235.02 6.32 69.45 62.86 63.41 170.51 271.14 2.96 73.82 58.99 115.51 176.11 214.22

217 3.49 97.37 91.55 139.50 358.03 201.64 3.73 83.87 114.46 122.22 260.90 78.73 3.95 45.29 61.39 66.60 178.99 193.32

218 29.84 147.52 175.26 173.05 524.28 426.24 62.84 223.11 251.08 230.96 414.25 286.43 15.73 251.15 329.73 278.07 299.56 381.95

219 24.04 222.04 231.48 147.09 335.63 607.37 28.20 144.32 182.98 134.56 162.87 222.91 13.86 172.63 157.11 141.30 167.64 230.63

220 22.19 175.01 156.66 106.32 357.16 146.71 16.99 208.54 222.66 206.01 195.15 92.81 11.07 165.22 193.85 95.22 144.99 239.00

221 24.75 116.32 181.97 175.14 378.06 253.15 14.31 136.31 160.92 235.34 231.84 173.00 15.84 243.43 336.13 347.74 249.27 159.45

222 29.65 154.04 146.28 163.23 238.32 294.33 69.58 156.06 195.97 129.80 208.15 189.28 15.04 207.90 240.22 370.50 267.88 245.74

Average 20.56 142.66 148.97 135.00 359.49 309.21 28.85 145.95 170.13 160.33 234.81 187.76 11.21 165.63 196.77 202.14 212.06 237.76

SEM 3.79 17.87 21.79 18.08 32.35 59.64 10.12 21.69 24.31 24.46 32.54 30.49 2.09 30.12 43.06 47.88 22.36 26.53
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Average number of M2RC per total number of cells (C) for each rat, area, and layer. Labeling represents area and layer (e.g.

M1-L1 = Motor cortex layer I)

RAT ID M1-L1 M1-L2 M1-L3 M1-L4 M1-L5 M1-L6 S1HL-L1 S1HL-L2 S1HL-L3 S1HL-L4 S1HL-L5 S1HL-L6 S1BF-L1 S1BF-L2 S1BF-L3 S1BF-L4 S1BF-L5 S1BF-L6

216 0.34 0.41 0.27 0.17 0.46 0.23 0.17 0.25 0.23 0.20 0.32 0.47 0.51 0.32 0.13 0.25 0.25 0.23

217 0.38 0.53 0.44 0.81 0.61 0.16 0.37 0.34 0.47 0.41 0.48 0.07 1.06 0.19 0.22 0.17 0.38 0.19

218 0.89 1.29 1.03 0.73 0.90 0.28 2.45 1.53 1.05 0.71 0.79 0.23 0.33 0.78 0.71 0.69 0.68 0.24

219 2.79 1.36 1.01 0.53 0.44 0.42 1.59 0.65 0.78 0.25 0.27 0.19 1.34 0.70 0.59 0.33 0.31 0.21

220 5.35 1.23 0.83 0.60 0.47 0.11 5.75 0.95 1.07 0.49 0.37 0.09 0.71 0.66 0.43 0.25 0.28 0.43

221 1.60 0.31 0.56 0.54 0.41 0.18 0.33 0.57 0.49 0.33 0.32 0.13 0.35 0.82 0.81 0.50 0.36 0.13

222 0.39 0.56 0.45 0.56 0.30 0.28 0.71 0.89 0.86 0.24 0.34 0.16 0.20 0.73 0.73 0.56 0.49 0.20

Average 1.68 0.81 0.66 0.56 0.51 0.24 1.62 0.74 0.71 0.37 0.41 0.19 0.64 0.60 0.52 0.39 0.39 0.23

SEM 0.69 0.17 0.11 0.07 0.07 0.03 0.75 0.16 0.11 0.06 0.06 0.05 0.15 0.09 0.10 0.07 0.05 0.03
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Average number of M2RC per layer thickness (D) for each rat, area, and layer. Labeling represents area and layer (e.g. M1-L1

= Motor cortex layer I)

RAT ID M1-L1 M1-L2 M1-L3 M1-L4 M1-L5 M1-L6 S1HL-L1 S1HL-L2 S1HL-L3 S1HL-L4 S1HL-L5 S1HL-L6 S1BF-L1 S1BF-L2 S1BF-L3 S1BF-L4 S1BF-L5 S1BF-L6

216 91.54 766.72 484.52 343.62 652.09 307.98 55.37 562.43 411.16 349.23 421.24 537.32 358.11 402.79 442.95 561.06 418.11 352.13

217 29.69 839.52 658.64 1107.20 676.69 254.04 33.15 619.78 695.30 671.63 584.60 106.93 49.44 336.90 344.53 307.69 462.90 265.47

218 305.57 1433.90 1268.79 1420.61 967.24 397.69 498.13 1637.08 1310.91 1262.12 954.89 355.20 163.26 1448.27 1705.80 1235.16 782.15 501.56

219 235.80 2065.35 1606.88 1004.77 655.04 695.80 262.00 1052.58 917.15 596.28 368.01 326.11 172.37 1174.65 917.74 536.52 413.69 322.63

220 211.19 1492.99 1105.26 858.77 570.50 172.02 150.35 1131.34 1075.09 1121.78 455.43 141.02 112.90 953.32 929.58 427.01 389.44 451.42

221 275.58 587.19 905.70 847.37 585.33 292.48 143.67 726.04 735.00 710.65 489.05 253.41 169.75 1502.27 1518.47 1017.73 639.88 226.99

222 242.20 1219.67 1001.89 934.35 446.90 494.43 1100.06 1428.99 1573.83 524.10 491.79 319.33 158.15 1616.54 1636.47 1243.62 689.99 354.71

Average 198.80 1200.76 1004.53 930.96 650.54 373.49 320.39 1022.61 959.78 747.97 537.86 291.33 169.14 1062.11 1070.79 761.26 542.31 353.56

SEM 38.05 194.14 141.64 122.81 60.38 66.33 142.74 155.64 149.36 123.77 73.98 54.47 35.65 197.33 212.06 148.89 59.86 36.59
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7. Appendix B

AREA

RAT LAYER S1HL Barrel M1

183 L1 74.4825 38.48875 70.0075

184 L1 82.659 60.552 73.168

186 L1 95.75275 90.60275 75.39225

191 L1 161.5063 107.5843 169.3047

193 L1 169.3047 169.3047 133.6198

194 L1 51.63467 79.44733 57.87033

195 L1 67.8425 41.688 59.1155

197 L1 64.517 30.59775 61.1385

198 L1 177.4565 77.3085 102.6888

199 L1 156.8035 113.9155 130.0115

183 L2 135.5905 167.4455 113.5788

184 L2 128.9643 168.153 99.11825

186 L2 131.4863 179.6305 107.3715

191 L2 176.7777 177.4013 122.7813

193 L2 205.9845 220.6015 159.3085

194 L2 152.4073 200.5977 150.6683

195 L2 95.2935 125.9335 78.0045

197 L2 93.12225 127.8745 77.45

198 L2 126.3025 135.0035 114.6933

199 L2 133.302 155.1675 117.931

183 L3 161.565 201.2705 144.0288

184 L3 170.1923 197.2523 127.209

186 L3 164.2208 218.0143 123.83

191 L3 216.9933 220.747 152.9053

193 L3 204.293 220.143 186.1453

194 L3 189.8763 221.302 157.1227

Continued on next page
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Continued from previous page

AREA

RAT LAYER S1HL Barrel M1

195 L3 100.3063 143.0415 98.63025

197 L3 128.9123 178.6555 80.66175

198 L3 151.3368 171.2393 127.178

199 L3 172.1975 197.4955 125.5305

183 L4 196.8408 249.3223 159.485

184 L4 237.318 243.8495 143.159

186 L4 166.743 237.6015 129.93

191 L4 209.8923 256.0727 135.7313

193 L4 267.2393 304.6333 147.282

194 L4 203.996 264.4123 138.6513

195 L4 150.5878 207.0488 120.5898

197 L4 206.5923 260.0538 115.9655

198 L4 131.9763 243.9258 111.7818

199 L4 203.5365 201.4585 164.939

184 L5 431.2223 412.2173 472.7713

186 L5 406.381 390.4975 439.221

191 L5 448.8313 391.5897 495.3687

193 L5 441.1683 433.8265 569.8953

194 L5 587.2027 396.0167 829.737

195 L5 380.8943 368.511 406.0118

197 L5 389.495 390.0505 428.5105

198 L5 333.8633 339.8263 355.1868

199 L5 360.999 359.373 392.4555

183 L6 770.433 734.2613 823.3028

184 L6 737.3413 773.5383 851.6183

186 L6 557.3205 739.7368 703.6628

191 L6 528.179 593.8023 666.3577

Continued on next page



44

Continued from previous page

AREA

RAT LAYER S1HL Barrel M1

193 L6 568.5858 844.1205 715.9335

194 L6 796.2557 796.729 852.0827

195 L6 482.0275 568.9633 757.3458

197 L6 711.8793 734.0855 734.7765

198 L6 472.4 510.063 531.5333

199 L6 508.635 626.191 670.9695
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