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ACh – acetylcholine 

AChE - acetylcholine esterase 
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1 Introduction 
The basal forebrain (BF) has been intensively studied for decades in relation to 

many physiological processes such as the sleep-wake cycle regulation, attention, learning 

and memory consolidation. It also has a considerable role in the progress of degenerative 

diseases, such as Alzheimer’s disease (AD), Huntington disease, and Parkinson disease. 

For developing possible treatments for these and many other neurological disorders it is 

crucial to understand the exact function and structure of the circuitry that involves the basal 

forebrain, the neocortex and other connected areas. 

The BF sends abundant innervations to many parts of the brain, including the 

neocortex and receives numerous inputs from other brain areas; however the prefrontal 

cortex (PFC) is the only cortical area that sends direct projections back to the BF from 

higher cortical regions. The prefrontal cortex is associated with higher cognitive functions, 

such as attention, planning, working memory and other phenomena like behavioral 

inhibition, cognitive flexibility, and goal directed control. Consequently, the prefrontal 

cortical input to the BF represents an extraordinary and influential link that has not been 

extensively studied yet.  

Hence, this thesis is aimed to examine the functional and anatomical connection 

between PFC and the BF using electrophysiological and anatomical methods. In the 

followings, I would like to provide a detailed description about what is already known 

about the anatomy of the basal forebrain and the prefrontal cortical areas in terms of their 

neuronal subpopulations, afferent and efferent connections, their possible interconnection, 

and then I will overview their functional relationship. 

 

1.1 Neurons in the basal forebrain 

1.1.1 Cholinergic neurons 

The BF is located at the medial and ventral part of the cerebral hemispheres, below 

the anterior commissure and lateral to the hypothalamus. In the human brain, the BF area 

contains a group of diverse structures, including the diagonal band of Broca, the basal 
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nucleus of Meynert, the ventral striatum, and also cell groups underneath the globus 

pallidus that bridge the centromedial amygdala to the bed nucleus of the stria terminalis 

(Prensa et al., 2003;Zaborszky et al., 2008)(Fig 1A). These areas are also identified in rats 

and are well characterized by various cell types that differ in transmitter content, 

morphology, and projection pattern (Woolf and Butcher, 1985; Zaborszky et al., 1997; 

Zaborszky et al., 1999) (Fig 1B).   

Among the different neuronal populations, the cholinergic corticopetal projection 

neurons have received particular emphasis due to their prominent loss in Alzheimer’s and 

related neurodegenerative diseases (Hall et al., 2008; Perry, 1993; Tsuboi and Dickson, 

2005). However, cholinergic projection neurons represent only about 20% of the total cell 

population in the BF areas.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Location of the basal forebrain in the human (A) and rat (B) brain on 
coronal and sagittal sections. A) The nucleus basalis of Meynert (NBM) is marked with red 
and located on the medial ventral part of the human brain. B) Sagittal section of the rat 
brain. Note that the size of the area of the BF compared to the whole brain is relatively 
small in humans (modified from Paxinos and Watson (Paxinos et al., 1980).  

 

A 
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1.1.1.1 Acetylcholine as a neurotransmitter 

Acetylcholine (ACh) is extensively distributed in the central nervous system. 

Neurons that use acetylcholine as a neurotransmitter in the BF were in the center of 

attention because of their role in cortical activation, sleep-wake cycle, cognitive 

performances and memory processes.  

Synthesis of acetylcholine (ACh) is facilitated by choline acetyltransferase (ChAT). 

This enzyme combines choline with acetate derived from acetyl coenzyme A (CoA). 

Choline is taken up into cholinergic axon terminals by a high affinity transport process 

(sodium-choline co transport) that is indirectly coupled to the energy stored in the strong 

Na gradient by the Na/K pump ATPase (Hassel et al., 2008;Rylett and Schmidt, 

1993;Tucek, 1990;Tucek, 1985). Inactivation of ACh in the synaptic cleft occurs by 

hydrolysis, which is greatly accelerated by cholinesterase enzymes, mainly by acetyl 

cholinesterase (AChE) that is presented in high concentration in cholinergic synapses. It 

catalyzes a chemical reaction that forms two products (choline and acetate) that are 

essentially inactive. Diffusion of ACh from the synaptic region plays a minor role because 

AChE is highly active. 

ACh has diverse actions on a number of cell types mediated by two major classes 

of receptors categorized by the affinity to their agonists: nicotine and muscarine.  

Nicotinic receptors (nAChR) are ligand-gated ion channels with the strongest 

affinity for nicotine as a ligand. They are composed of five symmetrically arranged protein 

subunits. The subunit composition is highly variable across different tissues. These 

subunits span across the membrane and consist of approximately 20 amino acids. Outside 

of the brain, nACh receptors are found at the edges of the neuromuscular junction on the 

postsynaptic side, and are activated by acetylcholine release across the synapse. The 

diffusion of Na+ across the receptor causes depolarization in the neurons leading to 

increased firing rate and potentially muscular contraction.  

Muscarinic acetylcholine (mAChR) receptors are part of the 7TM (seven 

transmembrane) G-protein coupled receptor family. G-protein-coupled receptors are 

present in a large number in connection with various neurotransmitters, hormones, and 
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other substances (Brann et al., 1993;Peralta et al., 1987;Venter, 1983). In G-protein-

coupled receptors, the signaling molecule binds to a receptor which has seven 

transmembrane regions. In the case of the mAChR, the ligand is ACh and its binding 

initiates the signalization cascade within the cell. This cascade reaction takes more time to 

complete than the opening of the voltage gated ion channel (nAChR), which means that 

mAChR represents a slow type of signalization.  

By the use of selective radioactively-labeled agonist and antagonist substances, five 

subtypes of muscarinic receptors have been described, named M1-M5 (Caulfield and 

Birdsall, 1998) G proteins contain an alpha-subunit, which is critical to the functioning of 

receptors. There are four different forms of G-proteins, Gs, Gi, Gq and G12/13 (Simon et al., 

1991). Muscarinic receptors differ in the G protein to which they are bound to, G proteins 

are classified according to their susceptibility to cholera toxin (CTX) and pertussis toxin 

(PTX). Gs and some subtypes of Gi (Gαt and Gαg) are susceptible to CTX (Dell'Acqua et al., 

1993). Based on their effects G-proteins can be classified as stimulative or inhibitory 

regulative G-proteins. In the simulative regulative G-proteins the α-subunit of the receptor 

would stimulate the activity of an enzyme or other intracellular metabolism (through for 

example cAMP activation). On the contrary, the inhibitory regulative G-protein receptor 

type would inhibit the activity of the cell (Chen-Izu et al., 2000).  

1.1.1.2 Localization of cholinergic neurons in the rat brain 

Based on choline acetyltransferase (ChAT) immunostaining, cholinergic neurons 

were found throughout the rat brain in the following areas: (1) the striatum, (2) the basal 

forebrain, (3) the pontine tegmentum, including the nucleus laterodorsalis tegmentalis 

(LDT), the nucleus subpeduncularis tegmentalis (SPT) and nucleus pedunculopontinus 

tegmentalis (PPT), and (4) the cranial nerve motor nuclei (Armstrong et al. 1983; Mesulam 

et al. 1984a) (Fig. 2). However, in the following, I will focus on the basal forebrain 

cholinergic system that is present in the area of interest during my experiments. Further I 

would like to focus on the neuroanatomical distribution of the cholinergic neurons in the 

BF.  

Cholinergic (Ch) neurons form a relatively continuous chain of somas from the 

rostral to the caudal part of the rat basal forebrain defining the cholinergic basal forebrain 
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areas (Zaborszky et al., 1999;Zaborszky, 1989). Cholinergic neurons in the BF provide the 

major extrinsic source of Ach to the cerebral cortex (Pang et al., 1998;Rasmusson et al., 

1994;Zaborszky et al., 1999). Maximal release of ACh occurs in the cortex in association 

with cortical activation during states of waking and paradoxical sleep, suggesting that this 

projection is critically involved in the maintenance of cortical activation and in the process 

of normal wakefulness. Applying a 3-dimensional-sampling design, Vogels et al (1990) 

estimated the total number of neurons within the human Ch complex to be 1.2 million in 

each hemisphere (Vogels et al., 1990). In contrast, the number of cholinergic neurons in 

one hemisphere of the rat brain has been estimated to be around 22,000-26,000 (Gritti et 

al., 2006;Miettinen et al., 2002). 

Mesulam (1983) proposed the Ch nomenclature to designate different groups of 

cholinergic neurons in rat brain (Mesulam et al., 1983). The constituent neurons of the BF-

Ch complex can be subdivided into six regions: the Ch1 and Ch2 regions, including the  

medial septum (MS) and ventral diagonal band (VDB) complex, respectively; the Ch3 

region, which is the lateral portion of the horizontal limb nucleus of the diagonal band 

(HDB); the Ch4 region, that includes the nucleus basalis; Ch5-Ch6 sectors are located 

mostly within the pedunculopontine nucleus of the pontomesencephalic reticular formation 

(Ch5) and within the laterodorsal tegmental gray of the periventricular area (Ch6) 

(Mesulam et al., 1983). The Ch4  region, also termed the nucleus basalis of Meynert in 

humans, can be further subdivided into six sectors that occupy its anteromedial, 

anterolateral, anterointermediate, intermediodorsal, intermedioventral and posterior regions 

(Varga et al., 2003;Wu et al., 2000).  

The middle territories of the rat cholinergic basal forebrain include the HDB 

nucleus and magnocellular preoptic nucleus. These cholinergic neurons innervate the 

olfactory bulb, the amygdala and the cingulate, retrosplenial, entorhinal, perirhinal, insular 

cortices, as well as parts of the frontal cortex. Cholinergic terminals are especially dense in 

the basolateral and lateral amygdala. These medial cholinergic pathways exhibit 

considerable plasticity following axotomy, even in the adult organism, that can be 

modified by trophic factors (Farris et al., 1993;Farris et al., 1995). It has been reported that 

removal of the olfactory bulbs produces spatial memory deficits and disruption of 

cholinergic indexes in the HDB and magnocellular preoptic nuclei (Bobkova et al., 2001).  
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The caudal part of the cholinergic basal forebrain pathway is composed of the basal 

nucleus and substantia innominata (SI). These structures contain neurons that project 

cholinergic axons to all of the neocortex: frontal, parietal, temporal, and visual. Two 

exceptions to this rule in rat brain are the medial part of the visual cortex that receives 

input from the VDB nucleus (Carey and Rieck, 1987), similar to that of the retrosplenial 

cortex, which lies adjacent, and the limbic regions of frontal cortex that receive afferents 

from the HDB and magnocellular preoptic nuclei (Fig 2).  

 

 

 

 

Figure 2. Schematic representation in the rat brain of telencephalic local-circuit 
cholinergic neurons and projections of the basal forebrain and mesopontine cholinergic 
systems (Woolf et al. 1983).  

 

 

1.1.1.3 Cholinergic system in Alzheimer’s disease 

The cholinergic cell population undergoes moderate degenerative changes during 

aging under non pathological circumstances that result in loss of the cholinergic function. 

These processes are responsible for the increasing memory deficits during aging (Yufu et 

al., 1994). Besides their role in non pathological functions, cholinergic corticopetal 

projection neurons have received enormous attention due to their loss in AD and in related 

disorders that cause cognitive deficits. This discovery led to the cholinergic hypothesis of 

memory dysfunction (Averback, 1981;Geula and Mesulam, 1994;Jellinger, 1996;Perry, 

1993).  

 13



In most regions of the world, AD is the most common cause of dementia among the 

elderly (Launer et al., 1999). The occurrence of the disease is about 5% among people aged 

65 or older, and the prevalence rises sharply to 19% after 75 years and to 30% after 85 

years. The 85 and older age group is one of the fastest growing population segments 

diagnosed with AD in industrialized countries and all together the disease is affecting over 

25 million people all over the world (Qiu et al., 2009; Xie et al., 2009). 

More than one hundred years ago, in 1906, the German neuropathologist and 

psychiatrist Alois Alzheimer first described cerebral atrophy, presence of extracellular 

neuritic plaques and intracellular neurofibrillary tangles as neuropathological 

characteristics in the brain of a demented patient. The pathological features of AD are 

described by two major qualities: (1) degeneration of basal forebrain cholinergic neurons 

that results in deficiency of cholinergic functions in cortex and hippocampus; (2) 

extracellular protein aggregates containing beta-amyloid peptides (Aβ) in these cholinergic 

target areas (Yan and Feng, 2004). Further studies revealed that the neuropathological 

changes occur initially in the medial temporal lobe structures such as the entorhinal cortex 

and the hippocampus. At later stages, the pathological features extend into other cortical 

and subcortical regions such as the basal forebrain cholinergic system (Bondareff et al., 

1994;Braak and Braak, 1991;Geula, 1998).  The neurofibrillary tangles, one of the 

hallmarks of AD, represent intracellular inclusions formed by aggregates of 

hyperphosphorylated microtubule-associated tau proteins which are found in selected 

neuronal populations (Kosik et al., 1986). While in the brains of Alzheimer’s patients no 

tau mutations have been described, pathogenic mutations in the tau genes cause 

frontotemporal dementia (Goedert and Jakes, 2005) suggesting that post-transcriptional 

alterations in tau gene expression may also contribute to the cognitive deficits in AD. In 

1974, Drachman and Leavitt demonstrated that the blockade of the cholinergic receptors in 

young healthy individuals produces a memory deficit, which is similar to that seen in AD 

patients (Drachman and Leavitt, 1972). Other studies have revealed that activation of 

nAChR results in a significant increase in tau phosphorylation, whereas mAChR activation 

may prevent tau phosphorylation (Hellstrom-Lindahl, 2000; Rubio et al., 2006; Wang and 

Shyu, 2004). Smoking, in fact is a risk factor of AD and recently it has been shown that 

decreasing risk factors such as smoking and alcohol consumption would be associated with 
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slower development of dementia in AD (Deschaintre, 2009; Cataldo, 2009). Amyloid-beta 

peptide (Aβ) may be at the root of neurodegeneration processes. The development of Aβ 

induces neurotoxicity that appears to be mediated by oxidative stress (Singh et al. 2009; 

Zraika et al. 2009). In the familial cases, the mutation in either the APP gene or the 

presenilin 1 gene resulted in increased production of Aβ peptides (Shepherd et al., 2009). 

In earlier studies, a severe loss (up to 95%) of cholinergic markers in the cerebral 

cortex in AD subjects was independently reported by two research groups (Davies and 

Maloney, 1976;Smith and Bowen, 1976). Later studies showed significant decreases (of 

varying extents, ranging between 15% and 95%) in the number of cholinergic neurons in 

AD patients (Arendt et al., 1985;Geula and Mesulam, 1994;Iraizoz et al., 1991;Whitehouse 

et al., 1982b;Whitehouse et al., 1982a). Furthermore, the severity of the cholinergic deficits 

in AD was found to be positively correlated with the progress and duration of the AD 

(Francis et al., 1999; Perry et al., 1983). This encouraged the development and introduction 

of pharmacotherapy that involved cholinergic system modulating agents such as inhibitors 

of AChE (Orgogozo et al., 2003). However, the enthusiasm that cholinergic therapy may 

be used to eliminate memory and cognitive deficits in demented patients soon decreased. 

Clinical trials using cholinergic drugs, which are in fact the only medication available, 

showed only modest improvements and could not restore cognitive function. There are 

several factors that could influence such an outcome. First, cholinergic degeneration is not 

apparent in cases with mild cognitive impairment (Davis et al., 1999). These individuals 

are the main target group for the disease prevention. Moreover, there is no general brain 

cholinergic system lesion in AD (Mesulam, 2004). The cholinergic nuclei in the brainstem 

remain relatively intact in contrast to the basal forebrain cholinergic neurons. Finally, 

catecholaminergic neurons show even more prominent losses in activity at early stages of 

the disease than cholinergic cells (Zarow et al., 2003). Therefore, the current treatment 

strategies that use drugs targeting the cholinergic system at preclinical or early stages of 

the disease might prove to be productive when combined with other therapeutic approaches 

than when used alone. 

It has been clearly demonstrated that cortical cholinergic transmission does play a 

major role in the development of AD, however  there is still a heated debate whether the 
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cholinergic deficit observed in patients with AD is a primary event or secondary to the 

appearance of the other pathological features (Schliebs and Arendt, 2006).  

 

1.1.2 Non-cholinergic neurons 

Cholinergic neurons are co-distributed with several other cell populations, 

including GABAergic neurons and various calcium binding protein containing cells (e.g. 

calbindin, calretinin, parvalbumin) (Gaykema and Zaborszky, 1997;Manns et al., 

2000;Manns et al., 2001;Manns et al., 2003;Ribak and Roberts, 1990). Anatomical and 

electrophysiological studies identified a wide ranged diversity of BF neurons, including 

local interneurons that express NPY and somatostatin, in addition to cholinergic, 

GABAergic and glutamatergic projection neurons (Duque et al., 2000;Manns et al., 

2003;Szymusiak et al., 2000;Zaborszky et al., 1999).  Cholinergic, calbindin (CB), 

calretinin (CR) and parvalbumin (PV) cells represent non-overlapping populations of 

neurons in rat and they show specific spatial and numerical relations (Zaborszky et al., 

2005).  A substantial proportion of PV cells contain GABA and project to the cerebral 

cortex (Gritti et al. 1993). A small percentage of CB and CR cells also project to the cortex 

(Zaborszky et al., 1999), although their transmitter content remains to be determined.  

1.1.2.1 γ – amino-butyric acid (GABA) 

 

In a quantitative study, it was calculated that the total number of GABAergic 

neurons in one side of the BF is around 40,000 in the rat, as compared to 18,000 

cholinergic neurons, which would suggest, on the average, a 2:1 ratio for 

GABAergic/cholinergic neurons (Gritti et al., 1993). Although the calcium binding protein 

containing cell groups are distributed in a coextensive manner with the GABAergic cells, 

they were collectively more numerous. Using CB, CR and PV as markers for different 

classes of GABAergic neurons, Zaborszky et al (1996) found a much higher 

GABAergic/cholinergic ratio of 3.8:1. However, different brain structures show different 

ratios. In the MS/VDB, HDB, ventral pallidum and the internal capsule the total 

GABAergic/cholinergic ratio is 3-4:1, however in the globus pallidus, the bed nucleus of 
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stria terminals and SI (extended amygdala) an even higher ratio of 8:1 was found. It has 

been suggested that at least a portion of CB, CR and PV neurons indeed project to various 

cortical areas (Henny and Jones, 2008;Zaborszky and Duque, 2003). Freund et al 

suggested that GABA containing projection neurons participate in the regulation of cortical 

activation via direct synaptic contacts onto GABA and somatostatin (SS) containing 

cortical neurons (Freund and Meskenaite 1992). 

 

1.1.2.2 Parvalbumin 

 

Parvalbumin, a member of the calcium-binding protein family, has been found to 

be widely distributed in the central nervous system. It is present in distinct subpopulations 

of GABAergic neurons (Cowan et al. 1990; Hironaka et al. 1990) and is thought to be 

associated with neurons with high firing rates and a highly active metabolism. Almost the 

entire basal forebrain region contains neurons showing PV immunoreactivity (Celio, 1990; 

Zaborszky et al., 2005).  

Identified PV cells in the BF discharged at 7–15 Hz, regular or in random modes 

and showed positive correlation in their discharge pattern to concurrent EEG 

desynchronization (Duque et al., 2000). PV containing cells are distributed across the 

globus pallidus and ventral pallidum. Neurons with variably intense PV immunoreactivity 

are furthermore present in the SI, VDB/HDB nuclei and MS. The vast majority of PV-

positive neurons in the MS-diagonal band have been shown to contain GABA and to 

innervate inhibitory interneurons in the hippocampus (Freund and Antal, 1988). PV-

positive cells in the other territories of the BF are most likely GABAergic as well. PV has 

been found to be co-localized with GABAergic neurons in many brain areas, including 

GABAergic local interneurons of the cerebral cortex, the hippocampus, and the 

neostriatum (Mascagni and McDonald, 2003;Tamamaki et al., 2003).  
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1.1.2.3 Calbindin and calretinin 

 

Another substantial proportion of corticopetal and septohippocampal neurons 

contain CB, however only a small proportion of CR cells projects to the cortex. In contrast 

to PV cells, only a small proportion of CB and CR cells contain GABA in the basal 

forebrain (Gritti et al., 2003). 

In the BF area of the rat, neurons containing the calcium binding proteins (CBP):  

CB and CR are diverse in size and shape and distributed in a manner overlapping with the 

GABAergic neurons as well as with cholinergic cells. However, they are greater in number 

than the GABAergic cells within the area. CB neurons were retrogradely labeled from the 

cerebral cortex, just like GABAergic, PV containing neurons, but they were also larger in 

number than the GABAergic projection neurons. These results indicated that CBP 

containing neurons might comprise GABAergic and non-GABAergic neurons in the BF. 

This has been also supported by dual immunostaining for CBPs and enzymes involved in 

neurotransmitter synthesis or degradation showed that, whereas the vast majority of PV 

neurons contained glutamic acid decarboxylase (GAD) suggesting that they were 

GABAergic, the vast majority of CB and CR neurons did not. They appeared to contain 

phosphate-activated glutaminase (PAG) in significant proportions, which is the enzyme for 

the synthesis of transmitter glutamate. Accordingly, caudally or locally projecting, possibly 

glutamatergic, neurons would include CR and the basal cortical projection neurons would 

include PV, GABAergic, and CB neurons in addition to CBP cholinergic neurons (Gritti et 

al., 2003).  

In the MS–diagonal band nuclei, CR-containing neurons appeared to correspond to 

locally or caudally projecting presumed GABAergic neurons (Kiss et al., 1997). CR-

positive neurons were also present mainly in the proximity of the MS midline. Although 

CR containing cells were scattered in the VP and MBN/SI complex, numerous CR passing 

fibers, though with heterogeneous densities, were visualized (Varga et al., 2003). 

CB cells appeared very similar in size to the CR containing neurons. In rodents, 

relatively few CB immunoreactive cells were localized in the midline of MS and ventral 

diagonal band (VDB), where they were surrounded by the cholinergic neurons or 

intermingled with ChAT-positive perikarya. Interestingly, CB containing cholinergic 
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neurons were present in the posterior magnocellular nucleus basalis (MBN) but not in the 

anterior or intermediate MBN subdivisions. In comparison with the distribution pattern of 

CB containing neurons, however, a significantly broader zone of intermingled CR and 

ChAT neurons was evident in the MS and VDB. The dorsal subdivision of the nucleus 

caudatus and putamen exhibited intense CB and CR immunoreactivity, where both cellular 

and neuropil labeling for these calcium-binding proteins was present, and virtually all 

striatal principal neurons expressed CB.  

 

1.1.2.4 Somatostatin 

 

Somatostatin (SS) a 14- or 28-amino acid-containing neuropeptide has been 

identified in synapses on cholinergic projection neurons (Zaborszky, 1989) in the BF. A 

portion of these SS-containing terminals may originate from local neurons distributed 

mainly in the ventral pallidum, SI and around the HDB (Fig 3). Little is known about the 

electrophysiological properties of the SS-containing neurons in the BF, but it has been 

shown by Momiyama et al (2006) that somatostatin presynaptically inhibits both GABA 

and glutamate release onto rat BF cholinergic neurons (Momiyama and Zaborszky, 2006). 

Neurons expressing SS constitute a peptidergic interneuronal system in the septum, 

striatum, hippocampus, and cerebral cortex (Chesselet and Graybiel, 1986;Forloni et al., 

1990;Kohler and Eriksson, 1984;Vincent et al., 1985). In BF areas, patches of SS fibers 

and axons of local SS neurons were observed in close vicinity to cholinergic neurons 

(Zaborszky and Duque, 2000), indicating a potential effect of SS on cholinergic neurons. 

Cholinergic neurons receive GABAergic input in BF areas (Zaborszky, 1989) and SS have 

been shown to be co expressed with γ-amino butyric acid (GABA) in many perikarya in 

forebrain areas (Esclapez and Houser, 1995;Hendry et al., 1984;Kosaka et al., 

1988;Somogyi et al., 1984).   
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Figure 3. Distribution of cholinergic (red) and somatostatin (black) containing 
neurons at four rostro-caudal coronal levels plotted from a rat brain that was double stained 
for choline acetyltransferase and somatostatin (Zaborszky and Duque, 2000).  

  

1.1.2.5 Neuropeptide-Y (NPY) 

Several studies described the presence of BF cells that reduced their firing rate 

during cortical EEG activation in anesthetized rats (Duque et al., 2007). These so-called S-

cells were suggested to be local GABAergic interneurons, as they could not be activated 

antidromically from the cortex (Detari et al., 1997a). Several functionally S type cells have 

been identified, some of which were stained positively for NPY (Duque et al., 2000). 

Although, the number of NPY neurons is relatively low, their function might be significant 

because they possess abundant axon collaterals. Some of the axon collaterals enter into 
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synaptic contacts with cholinergic profiles the possibility that they contain GABA (Aoki 

and Pickel, 1990). It is likely that burst firing of NPY neurons could result in a pronounced 

modulation of GABAergic-cholinergic transmission at least in the ventral pallidum where 

cholinergic cell bodies are richly innervated by GABAergic terminals (Zaborszky et al., 

1986). In anaesthetized rats, significant EEG changes were found after NPY injections to 

BF (Toth et al., 2005) and it has been suggested that NPY plays a role in the integration of 

sleep and behavioral stages via the BF as NPY injections caused changes in the sleep-wake 

cycle (Toth et al., 2007). 

 

1.1.2.6 Glutamate 

Vesicular glutamate transporters (VGluts) accumulate glutamate into the synaptic 

vesicles of excitatory neurons. Three isoforms of VGluts were cloned and identified. 

VGluts are definitive markers for neurons that use glutamate as neurotransmitter (Bai et 

al., 2001;Bellocchio et al., 2000;Fremeau, Jr. et al., 2001;Fujiyama et al., 2001;Gras et al., 

2002;Takamori et al., 2000;Takamori and Moriyama, 2003). Vglut1 and Vglut2 share a 

complementary distribution, such that Vglut1 is predominantly expressed in the neocortex, 

whereas Vglut2 mRNA is abundant in subcortical forebrain regions, including thalamic 

nuclei, hypothalamic areas, basal forebrain, and some amygdaloid nuclei (Fremeau, Jr. et 

al., 2001;Herzog et al., 2001). Vglut2 mRNA was described to show the distribution of 

Vglut2 cells in the forebrain. It was found in the septum and VDB/HDB nuclei, the pallidal 

structures and the internal capsule. Vglut2 cells are scarcely distributed in the VP, in the SI 

and bed nucleus of the stria terminalis. Vglut2 cells in the SI appear rostrally, rather 

inconspicuously between the lateral part of the VDB/HDB and the medial part of the 

ventral pallidum. They were found in the medial preoptic / medial hypothalamic areas. 

Loosely arranged cells in the entire rostrocaudal extent of the lateral preoptic/hypothalamic 

areas show moderate Vglut2 staining A direct glutamate effect on cholinergic neurons is 

suggested by the presence of Vglut1- and Vglut2-type synapses on BF cholinergic neurons 

(Hur and Zaborszky, 2005). 
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1.2 Afferent projections to the BF 

Tracing studies combined with electron microscopy have identified synapses on BF 

neurons originating from the brainstem, hypothalamus, amygdala, substantia nigra-ventral 

tegmental area, striatum, hippocampus and the prefrontal cortex (Cullinan and Zaborszky, 

1991;Gaykema et al., 1991;Gaykema and Zaborszky, 1997;Zaborszky, 1989;Zaborszky 

and Cullinan, 1992;Zaborszky and Cullinan, 1996;Zaborszky et al., 1997).  

 

1.2.1 Cortical afferents 

Studies in monkeys, cats and anterograde tracing with PHA-L from different 

cortical areas in rats (Irle and Markowitsch, 1986); (Cullinan and Zaborszky, 1991) 

(Mesulam et al., 1984;Mesulam and Mufson, 1984) revealed that the cholinergic neuron 

population in the basal forebrain only receive a restricted cortical projection, originating 

from the prefrontal cortical areas (Mesulam, 1986), including the orbitofrontal cortex, the 

anterior insular cortex, temporal polar, medial inferotemporal region, entorhinal, piriform, 

and perirhinal cortices. In the rat, the pattern of input to the basal forebrain from the 

various prefrontal cortical regions seems to be restricted and it follows a specific pattern 

(Vertes 2004; Zaborszky et al. 1991). The BF cholinergic (BFC) neurons do not appear to 

receive direct input from primary sensory and motor cortex or from higher order 

association areas (Zaborszky et al. 1997). 

However, it is very likely that cholinergic neurons respond to a range of visual and 

auditory stimuli (Richardson and DeLong 1990; Rolls et al. 1989; Wilson and Rolls 1990a; 

Wilson and Rolls 1990b; Wilson and Rolls 1990c), which might reach the BF through the 

orbitofrontal cortex (Rolls et al., 1989). One of the aims of our experiments was to 

investigate whether the cholinergic neurons in the BF receive cortical information through 

a specific interneuron population located in close proximity to the cholinergic neuron 

population in the BF. 
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1.2.2 Brainstem afferents 

One of the main functions of the brainstem is to regulate vital  functions of the 

organism, such as breathing, heart rate, blood pressure, as well as it serves as a major 

connection between the motor and sensory systems of the brain and the rest of the body 

(Detari et al., 1997b;Kihara et al., 2001;Steriade, 1999;Dunbar et al., 1992). The brainstem 

is also responsible to maintain consciousness and to regulate the sleep-wake cycle. The 

proposed role of the BF in arousal, attention and dreaming is highly determined by its 

afferent projections from the brainstem (Sarter and Bruno 2000). Removing the input to 

the BF from the brainstem resulted in decreased attention performances in rats and 

degenerating axon terminals in the area of the cholinergic neuron population in the BF 

(Sarter and Bruno 2000; Zaborszky et al. 1986). Further investigations revealed that a 

subpopulation of cholinergic neurons, mainly in the magnocellular preoptic nucleus 

(MCP), may receive cholinergic, presumably inhibitory, input from the LDT/PPT area 

(Jones and Cuello 1989; Satoh and Fibiger 1986; Semba et al. 1988; Woolf et al. 1986).  

Extensive retrograde tracing studies were carried out to identify the areas that send 

direct projections to the BF. The pattern of dense brainstem labeling obtained with 

magnocellular preoptic/SI injections was originating from the upper brainstem (rostral 

pons and midbrain). The brainstem areas that were most prominently labeled included the 

medial parabrachial nucleus, the pedunculopontine nucleus, the dorsal raphe nucleus, the 

lateral and ventral tegmental area (VTA) and the supramammillary nucleus. Most of these 

cell groups were more heavily labeled with magnocellular preoptic/SI injections than with 

any others (Hallanger and Wainer 1988; Haring and Wang 1986; Jones and Cuello 1989; 

Martinez-Murillo et al. 1988; Semba et al. 1988; Vertes 1988).  The neurotransmitter 

content of the described projections was also investigated and Semba et al (2000) found 

that in the mesopontine tegmentum, many retrogradely labeled neurons were 

immunoreactive for choline acetyltransferase (Semba, 2000). In the dorsal raphe nucleus, 

some retrogradely labeled neurons were positive for serotonin (5-HT) and some for 

tyrosine hydroxylase (TH); however, the majority of retrogradely labeled neurons in this 

region were not immunoreactive for either marker. In vitro measurements resulting in 

hyperpolarization of the cholinergic neurons by 5-HT suggested an inhibitory modulation 
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of this system (Khateb et al. 1993). The VTA also contained TH positive retrogradely 

labeled neurons (Semba, 2000;Horvath et al., 2004;Lightman, 2008;Nogueiras et al., 

2008;Valassi et al., 2008;Adamantidis and de Lecea, 2008;Benedict et al., 2009;Silver and 

Lesauter, 2008) and sent most of its dopaminergic projections to non-cholinergic, mostly 

parvalbumin and somatostatin containing neurons  (Gaykema and Zaborszky 1996; 

Gaykema and Zaborszky 1997; Zaborszky and Duque 2003).  The BF also receives 

adrenalin-containing projections from the brainstem that form asymmetric synapses on 

cholinergic neurons, which are most likely excitatory (Hajszan and Zaborszky 2002). 

  

1.2.3 Hypothalamic afferents 

The hypothalamus plays an important role in the regulation in many physiological 

phenomena including energy homeostasis, food intake, circadian rhythm, sleep, body 

temperature, blood pressure and sexual dimorphism (Adamantidis and de Lecea 2008; 

Benedict et al. 2009; Ellacott and Cone 2004; Horvath et al. 2004; Lightman 2008; 

Nogueiras et al. 2008; Silver and Lesauter 2008; Valassi et al. 2008). Afferents to the BF 

from hypothalamic, together with the already mentioned brainstem regions, are 

functionally important in the regulation of sleep-wake cycles in the BF. For example, 

thermosensitive inputs from the anterior hypothalamus modulate the activity of BF sleep- 

and arousal-related cell types (Szymusiak 1995).  

Light and electron microscopy studies revealed that the BFC receives direct input 

from hypothalamic nucleus in a well organized, topographic manner. Lateral hypothalamic 

neurons send their axons to more lateral BF areas, such as dorsal part of the SI, lateral part 

of the bed nucleus of the stria terminalis, the ventral part of the GP. These projections 

contain hypocretin (orexin) as a neurotransmitter, suggesting that the input serves as an 

excitatory modulation of the cholinergic cell population in the BF (Eggermann et al., 

2001;Nambu et al., 1999;Wu et al., 2004). On the other hand, the medially located 

hypothalamic nucleus project to the medial parts of the BF, including the HDB and in the 

MS/VDB complex (Cullinan and Zaborszky 1991; Zaborszky et al. 1991).  
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1.2.4 Striatal afferents 

The striatum is well known for its role in the planning and modulation of 

movements, but it is also involved in a variety of cognitive processes and it is part of the 

reward system. One of the main target areas of both the ventral (nucleus accumbens, 

ventral part of the caudate putamen, olfactory tubercle) and dorsal striatum are the 

cholinergic neurons in the GP, VP, peripallidal areas and internal capsule (Cullinan and 

Zaborszky, 1991;Haber et al., 1990;Sesack et al., 1989). 

Since the striatum also receives a significant cortical input from various cortical 

areas, such as prefrontal, auditory, visual cortices, hippocampus and the amygdala 

(Beckstead 1979; McGeorge and Faull 1989), striatal neurons may provide an indirect 

connection between descending cortical information and the BF. 

1.2.5 Afferents from the amygdala 

The main function of the amygdala was described to be in memory consolidation 

and emotional processes (Pitts et al. 2009; Zheng et al. 2008; Roozendaal et al. 2008). 

Ventral parts of the amygdala send projections to the hypothalamus, thalamus, striatum, 

and prefrontal cortical areas (Barbas and De Olmos 1990; Krettek and Price 1978;Price 

and Amaral 1981; Russchen et al. 1985a; Russchen et al. 1985b), however they also 

provide axon terminals of passage to the VHD and SI in the BF of monkeys (Russchen et 

al. 1985a; Russchen et al. 1985b). Several groups reported that fibers from the basolateral 

amygdaloid nucleus provide synapses on dendrites of both cholinergic and non-cholinergic 

cells in the VP, ventrolateral and dorsomedial aspects of the SI and the striatum in rats 

(Jolkkonen et al. 2002; Zaborszky et al. 1984). Further electron microscopic analysis 

revealed, that the postsynaptic targets of the central nucleus of the amygdala efferents are 

non-cholinergic, probably GABAergic, neurons via mostly symmetrical synaptic 

connections (Jolkkonen et al. 2002). The purpose of this connection might be very similar 

to the function of cortex-amygdala interconnection, suggesting the anticipation of BFC in 

stimulus-reward-associative learning as well as in the modulation of behavioral responses 

in life-threatening situations (Groenewegen et al., 1990). In turn, the cholinergic 
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innervation of the amygdala may also play an important role in memory consolidation 

processes, more specifically in memory storage (Nagai et al. 1982; Power 2004). 

 

1.3 Efferents from the BF 

Various retrograde labeling studies combined with AChE immunohistochemistry 

provided evidence that the basal forebrain sends projections in an approximately medio-

lateral and antero-posterior topography topographical fashion to different regions of the 

brain, including the entire neocortex, the hippocampus, the amygdala, the thalamus, the 

hypothalamus and the olfactory bulb (Grove 1988; Jones and Cuello 1989; Mesulam et al. 

1983). According to immunohistochemical and biochemical studies, the cholinergic 

innervation is heterogeneous across various cortical areas and different species. Together 

with the brainstem cholinergic system, the main function of the BFC cortical projection is 

to activate the electro-encephalogram, increase cerebral blood flow, regulate sleep-wake 

cycling, and modulate cognitive function (Armstrong et al. 1983; Bina et al. 1993). Besides 

the cholinergic efferents, other, non-cholinergic projections also reach various structures in 

the brain. For understanding the key points of this thesis, I would like to discuss the 

cortical connection in more details.  

 

1.3.1 Efferents to the cortex 

There is a variation, not only in the localization, but also in the nomenclature, of 

the cholinergic neurons located in the basal forebrain between different species that makes 

it slightly difficult to follow possible evolutionary changes in the organization and function 

of this area. In general, in all species, cholinergic efferents from the nucleus basalis 

magnocellularis (NBM) of the basal forebrain provide the majority of the cholinergic input 

to the neocortex (Mesulam et al. 1983; Mesulam et al. 1984b; Saper 1984). This area 

overlaps with the Ch4 in monkeys and humans. The cholinergic cell groups in the area of 

NMB project mainly to the frontal, parietal, temporal, occipital, cingulated, enthorinal and 

the motor cortices (Dringenberg et al. 2004; Mesulam et al. 1983; Mesulam et al. 1984b; 

Saper 1984; Woolf et al. 1986). Cholinergic varicosities are present in all cortical layers  
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but with higher occurrence in layer V-VI of the motor cortex, layer III-IV in primary 

sensory cortices,  and in layer II-III of the association areas (Mesulam et al. 1992; Mrzljak 

et al. 1995). A varying proportion of them were reported to form clearly identifiable 

symmetric synapses on the apical and basal dendrite of innervating pyramidal, spiny 

stellate and GABAergic interneurons (Houser et al., 1985).  

In addition to the cholinergic efferents, a significant portion of non-cholinergic 

projecting neurons are also located in the BF areas (Rye et al. 1984). The projection pattern 

of the non-cholinergic neurons is very similar to the cholinergic ones (Woolf et al. 1986) 

GABAergic projections were found on cortical GABAergic interneurons, providing 

excitation of cortical activation through disinhibition (Freund and Meskenaite 1992). 

1.3.2 Efferents to the thalamus 

Thalamic areas receive considerable cholinergic input from brainstem areas (Parent 

and Descarries, 2008); Steriade et al. 1990; Steriade 1990), however the nucleus reticularis 

has been shown to receive cholinergic input from the basal forebrain as well (Woolf and 

Butcher, 1986;Hallanger and Wainer, 1988;Levey et al., 1987;Jourdain et al., 1989). 

Besides the cholinergic projection to the thalamus, Asanuma et al. also described that 

GABAergic neurons located in the BF are sending projections to the nucleus reticularis 

(Asanuma 1989). Other have showed, that the nucleus reuniens (ER), that projects heavily 

to the medial prefrontal cortex, also receives afferents from various subcortical areas, 

among others: the SI,  the claustrum, tania tecta, lateral septum,  and medial and lateral 

preoptic nuclei of the basal forebrain. This connection may give rise to an additional, 

indirect pathway between the BF and the neocortex (McKenna and Vertes, 2004). 

1.3.3 Efferents to the hippocampus 

Combined retrograde and immunohistochemical studies showed that the BF 

innervation of the hippocampus originated mostly from MS, VDB/HDB, magnocellular 

preoptic area, and rostral SI (Amaral and Cowan, 1980;Amaral and Kurz, 1985;Rye et al., 

1984;Woolf et al., 1984;Zaborszky et al., 1975). It has been shown, that 35-45% of 

innervation reaching the hippocampus from these areas is cholinergic. These anatomical 
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findings were later supported by experiments using microdialysis that showed increased 

level of acetylcholine release in the hippocampus after BF stimulation in awake rats 

(Nilsson et al. 1992). The functional relationship between the BF and the hippocampus 

seems to be significant in memory consolidation and attention (Frick et al., 2004). 

1.3.4 Efferents to the amygdala 

The amygdala is one of the major nearby structures that share a common boarder 

with the BF, which is also called as the extended amygdala (Alheid, 2003).  Grove et al 

described that the dorsal part of the SI is strongly connected with the lateral, basolateral, 

and central nuclei of the amygdala, while the ventral part of the SI projects to more 

anterior parts of the amygdala (Gaykema et al. 1991b; Grove 1988; (Carlsen et al., 1985). 

This anatomical and functional relationship provides basic information that helps to 

understand many roles of the brain, including reward and punishment, learning and 

cognition, and feeding and reproduction.  
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1.4 The structure and function of the prefrontal cortex 

The prefrontal cortex is the most rostral region of the neocortex. In primates it 

extends from the frontal pole of the brain to the premotor cortex.  The existence of the 

prefrontal cortex in non-primates was not even established until Rose and Wolsey (1948) 

confirmed that all mammals have a brain area that is homologous to the primate prefrontal 

cortex (ROSE and WOOLSEY, 1948a;ROSE and WOOLSEY, 1948b)and is defined by 

the projections received from the mediodorsal thalamic nucleus (MD) (Gabbott et al., 

2005), as well as having dense dopaminergic input (Franke et al., 2003). In non-primates, it 

is dedicated mostly to voluntary motor control, but in primates, it has developed further to 

serve higher cognitive functions. 

The prefrontal cortex evolved probably the most extensively in size and volume 

during the evolution of mammals, from the insignificant size in rodents to the coverage of 

one-third of the prefrontal lobe in humans (Fig. 4). For many years, scientists believed that 

abilities of humans, for example for planning and abstract reasoning, were a result of their 

highly developed, larger prefrontal cortex compared to other primates. Later, it has been 

shown that the ’superior’ abilities of the human brain was not correlated to the relative size 

of the prefrontal cortex, but most likely to the denser interconnections with other areas of 

the brain. Not only did the size of the mammalian prefrontal cortex increased compared to 

other vertebrates, still, it disproportionally outgrew other parts of the neocortex as well 

(Fuster, 1997).  
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 Figure 4. Development of the prefrontal cortex in various mammalian species. It is 
noteable that prefrontal cortex is the part of the brain that grew the most during evolution. 

 

1.4.1 Anatomy of the prefrontal cortex in rats 

In mammalian species the prefrontal cortex encompasses a large and heterogeneous 

area that has well characterized cytoarchitecture of the consisting layers. First, I would like 

to review the anatomy and cytoarchitecture of the cortical layers and the neuronal types 

that are located in the area, focusing on their afferent and efferent connections and 

neurotransmitter type, then discuss its role in physiological and pathological cognitive 

processes. 

 

1.4.1.1 Cytoarchitecture of the prefrontal cortex 

Throughout the neocortex, different neurons with similar connection properties 

form a functional subunit called the column. The columns are perpendicular to the surface 

of the cortex and traverse six (I-VI) cortical layers that determine the cytoarchitecture of 

the entire neocortex. The columnar organization is currently the most widely held 

hypothesis to explain the cortical information processing. The columnar layers can be 

differentiated by the cell types they contain as well as their projection patterns.  Based on 

Brodmann`s classification of the characteristic neuronal cell types and connections with 
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other cortical and subcortical regions, the following cortical layers has been described 

(Brodmann, 1909).  

However, the prefrontal cortex is an agranular cortex, meaning it lacks a definitive 

layer IV (Gabbott et al., 2005). Therefore, the prefrontal cortex is often called a 

proisocortex, since it represents a transition between the neocortex and the allocortex, in 

terms of their cytoarchitecture. The following VI layers describe the neocortex and are also 

represented in the prefrontal cortex, except for layer IV. 

 

 

Supragranular layers: 

• Layer I: contains few scattered neurons and consists mainly of the 

apical dendrites of the pyramidal cells, as well as glia cells (Shipp, 2007). Some 

Cajal-Retzius and spiny stellate neurons can be found here. It is the projection 

target of local intracortical afferents from nonspecific thalamic nuclei 

(molecular layer).  

• Layer II: contains small pyramidal neurons and numerous stellate 

cells. It receives afferents from nonspecific thalamic nuclei (external granular 

layer). 

• Layer III: contains mostly small and medium-size pyramidal 

neurons, as well as non-pyramidal cells with vertically-oriented intracortical 

axons; layers I through III are the main target of interhemispheric 

corticocortical afferents, and layer III is the principal source of corticocortical 

efferents (external pyramidal layer). 

Granular layer: 

• Layer IV: contains different types of stellate and pyramidal neurons, 

and is the main target of specific thalamocortical afferents as well as intra-

hemispheric corticocortical afferents (internal granular layer) 

•  

 31



Infragranular layers: 

• Layer V: contains large pyramidal neurons; it is the principal source 

of information to the subthalamic parts of the brain (internal pyramidal layer) 

• Layer VI: contains few large pyramidal neurons and many small 

spindle-like pyramidal and multiform neurons (multiform layer); it sends 

efferent fibers to the thalamus, establishing a very precise reciprocal 

interconnection between those areas (Dick et al. 1991). 

The main characteristic cell type of the cortex is the pyramidal cell. Most of the 

pyramidal cell bodies are located in layer II/III and V/VI. Those located in layer II/III 

project to other cortical areas (including layer I), while those located in layer V/VI send 

their projections to the thalamus and other subcortical areas. The neurotransmitter type of 

these neurons is excitatory.  

Basket cells have inhibitory projection output and their axons run horizontally 

through the grey matter to other cortical columns. Chandelier cells also have inhibitory 

neurotransmitters in their axon terminal but their axons run vertically and terminate on 

axons of pyramidal cells of the same cortical column.  

The output connections of the smooth stellate cells are also inhibitory and their 

main function is to turn off the activity of the neighboring cortical column once they are 

activated (Kisvarday et al., 1990;Budd, 2000). 

In primates, the prefrontal cortex has three major, well differentiated regions: 

medial, lateral and ventral or orbital areas (Fuster, 2002). The medial frontal division, 

which can be sub-divided into a dorsal region that includes precentral (PrC) and anterior 

cingulate (ACg) cortices and a ventral component that includes the prelimbic (PrL), 

infralimbic (IL) and medial orbital (MO) cortices.  The lateral region the dorsal and ventral 

agranular insular (AID, AIV) and lateral orbital (LO) cortices (Mesulam et al., 1977). 

Finally, a ventral or orbital region can be divided into the ventral orbital (VO) and ventral 

lateral orbital (VLO) cortices.  

The homology between the human and the rat prefrontal cortex has been studied by 

Preuss et al (1995). He found that the region of rat frontal cortex is homologous to the 

dorsal lateral PFC of primates and is located along the dorsomedial edge of the hemisphere 
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and the medial wall, anterior to the corpus callosum.  Just as in primates, this region 

receives dense inputs from MD and from the dopamine-containing nuclei of the 

brainstem.  The dorsomedial cortex is considered to be the rat's frontal eyefield, because 

stimulation of this zone yields head and eye movements (Preuss and Goldman-Rakic, 

1991).  My experiments were focused on the medial prefrontal cortex of the rat, so the IL 

and PrL and their interconnected areas will be discussed in more details.  

The IL has been shown to strongly influence visceral/autonomic activity. The 

stimulation of the IL produces changes in respiration, gastrointestinal motility, heart rate, 

and blood pressure (Burns and Wyss 1985; Fuster 2002; Hardy and Holmes 1988; Hurley-

Gius and Neafsey 1986; Terreberry and Neafsey 1983; Verberne et al. 1987). Because of 

these effects of the IL, it is viewed as a visceromotor center (Hurley-Gius and Neafsey 

1986; Neafsey et al. 1986). The prelimbic cortex, on the other hand, has been implicated 

mostly in cognitive processes.  

Lesions of the PrL have been shown to produce pronounced deficits in delayed 

response tasks (Brito and Brito 1990; Delatour and Gisquet-Verrier 1996; Delatour and 

Gisquet-Verrier 1999; Delatour and Gisquet-Verrier 2000; Floresco et al. 1997; Seamans 

et al. 1995), similar to those seen with lesions of the dorsal part of the lateral PFC  of 

primates (Goldman-Rakic, 1994;Kolb, 1984). 

 

1.4.1.2 Efferent and afferent projections of the medial prefrontal cortex 

The afferent and efferent connections of the prefrontal cortex are exceptionally 

dense towards both cortical and subcortical areas in the mammalian brain (Beckstead 1979; 

Gabbott et al. 2005; Gaykema et al. 1991c; McGeorge and Faull 1989).  The excitatory 

connections are both local and long-distance, however inhibitory connections project only 

locally. It has been confirmed that the projecting, long distance connections are almost 

entirely from pyramidal cells which form excitatory synapses with other neurons. As for 

inhibitory connections, we find basket cells that send connections horizontally to other 

columns up to one millimeter away (Conde et al., 1994).  

The prefrontal cortex receives highly organized inputs from the basal ganglia via 

striatopallidal and striatonigral projections, as well as pallidothalamic and nigrothalamic 
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projections that further reach different areas of prefrontal cortex (Groenewegen et al., 

1997). In addition to thalamocortical connections, which are one of the most significant 

afferents of the prefrontal cortex defining this brain region, it also receives extensive 

cortico-cortical inputs, for example, from posterior parietal cortex and sensory cortical 

areas (Grossberg et al., 2008;Tinsley, 2009). The PFC also receives projections form other 

subcortical structures such as the substantia nigra, ventral tegmental area, amygdala, lateral 

hypothalamus and hippocampus (Groenewegen et al. 1997; Kolb and Gibb 1990). There 

are also reciprocal connections from the prefrontal cortex to these structures, as well as 

direct projections to the lateral septum, mesencephalon and autonomic regions of the 

brainstem. The prefrontal cortex also targets, in a reciprocal and topographical manner, the 

main nuclei of the major cholinergic and monoaminergic neurotransmitter systems 

including noradrenaline (NA)-containing neurons in the pontine central grey, dopamine 

(DA) neurons in the ventral tegmental area, serotonin (5-HT) neurons in the raphe nuclei 

and acetylcholine (ACh) neurons in the basal forebrain (McGaughy et al. 2002; Robbins 

2005; Gorelova and Yang 1997; Groenewegen et al. 1997; Gaykema et al. 1991a). 

However, direct anatomical connection between the ACh neurons of the BF and the PFC 

has not been proved yet (Zaborszky et al. 1997). It is more likely that the descending 

information from the PFC reaches the ACh neurons in the BF through an indirect pathway, 

most probably, with interaction of local inhibitory interneurons. The regions innervated by 

the PFC act in turn to modulate cortical networks by influencing cortical processes through 

inhibitory and excitatory synaptic transmission (Hasselmo and Barkai 1995; Robbins and 

Everitt 2002). In addition, a cholinergic projection to the medial prefrontal cortex from the 

LDT has been described (Satoh and Fibiger 1986). 

 

1.4.2 Role of the prefrontal cortex in various cognitive functions 

There is a wide range of overlapping cognitive functions that are regulated by both 

the BF and the PFC. It is crucial to identify the exact anatomical and functional 

relationship between these two, relatively distal, areas of the brain to understand the 

neuronal organization and activity behind higher cognitive function. The medial prefrontal 

cortex in humans is responsible for many cognitive processes including problem solving, 

 34



attention, decision making, planning, goal directed behavior, consciousness, emotions, 

planning, language evolution and working memory as well as fear, anxiety. (Dalley et al. 

2004; Fuster 2002; Goldman-Rakic 1994; Kolb 1984; Ongur and Price 2000; Repovs and 

Baddeley 2006; Vertes 2006). Dorsal regions of mPFC have been implicated in various 

motor behaviors, while ventral regions of mPFC (IL and PrL) have been associated with 

diverse emotional, cognitive, and memory and learning related processes (Heidbreder and 

Groenewegen, 2003). 

 

1.4.2.1 Working memory 

Working memory serves for the function of temporary storing and manipulating 

information that uses specific structures and processes of the brain. It can be also defined 

as memory that is required for one trial of an experiment, but not for subsequent trials. 

Several studies provided results that linked the prefrontal, the parietal and the cingulate 

cortex and the basal ganglia with working memory processes in rodents that usually 

involved tasks with a delayed response contingency (Kesner et al. 2000; Larsen et al. 1978; 

Zahrt et al. 1997).  

Rats with lesions of the PrL and IL, but not the anterior cingulate (ACg) or 

orbitofrontal cortex, are strongly impaired on delayed memory tasks (Delatour and 

Gisquet-Verrier 1999; Kesner et al. 2000). In a recent study, DeCoteau et al. (2009) 

described that animals with PrL/IL cortex lesions displayed a profound and sustained 

deficit on object based, visual-scene memory, whereas, animals with anterior cingulate 

cortex lesions showed a slight initial impairment but eventually recovered (Decoteau et al., 

2009). In this process, the putative involvement of the cholinergic innervations of the 

prefrontal cortex in working memory has also been investigated (Broersen et al. 1995a; 

Broersen et al. 1995b; Ragozzino and Kesner 1998; Ragozzino 2007). However, the 

involvement of the cholinergic system in primarily mnemonic processes is still under 

debate. For example, infusions of the muscarinic ACh receptor antagonist scopolamine in 

the hippocampus produce dose- and delay-dependent impairments on delayed non-

matching to position tasks, but the same compound infused into the medial prefrontal 

cortex produces dose-, but not delay-dependent deficits (Dunnett et al., 1999). The data 
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accumulated about this subject suggest that PrL/IL cortex is not involved in the temporary 

on-line storage but rather in the control of information required to prospectively organize 

the ongoing action. This is also supported by the general function of any neocortical areas. 

The mammalian neocortex is responsible for information processing above all other 

function. 

 

1.4.2.2 Attention  

Besides the basal forebrain cholinergic system, other brain structures are also 

involved in several aspects of attention function such as the prefrontal cortex (Miller and 

Cohen, 2001).  Lesions of the dorsolateral prefrontal cortex, but not orbitofrontal cortex, 

produce deficits in shifting from one perceptual dimension to another, whereas lesions of 

the orbitofrontal cortex, but not dorsolateral cortex, impair reversal learning (Dias et al. 

1996; Dias et al. 1997). Thus, in rats with lesions of the PrL, IL cortices produced a 

selective deficit in extradimensional set-shifting (Birrell and Brown, 2000). Conversely, 

lesions of the orbitofrontal cortex impair reversal learning, but not the acquisition of 

intradimensional and extradimensional set-shifting (Brown and Bowman, 2002). The 

outcome of this and other experiments examining visual discrimination implies that 

behavior is less flexible in prefrontal cortex-lesioned animals. Interestingly, however close 

the PrL and IL cortices are located to each other; they show clear differentiation regarding 

not only their projection patter, but their role in cognitive function. 

Although the crucial role of cholinergic inputs in cue detection has been 

demonstrated by lesion studies, the role of PPC neurons in the cholinergic modulation of 

cue detection is unclear. Collectively, these findings indicate that cholinergic inputs to PPC 

neurons amplify cue detection, and may also act to suppress irrelevant distractors 

(Broussard et al. 2009). Impairments in the function and capacity of attention represent the 

main aspects of the cognitive symptoms of schizophrenia (Berberian et al., 2009). 

 

1.4.2.3 Pathology of the prefrontal cortex 

Besides the previously discussed role of the prefrontal cortex together with the 

basal forebrain in physiological cognitive functions, it also plays an important part in the 
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processes of mental dysfunction. Since the prefrontal cortex extensively interacts with 

other cortical and subcortical areas via various neurotransmitters, the dysfunction of any of 

these subsystems could result in various manifestation of mental disorders, all correlated 

with the prefrontal cortex. Pathological processes of psychiatric disorders in association 

with the malfunction of the prefrontal cortical areas and other connected areas, such as the 

amygdala, hippocampus, and ventromedial parts of the basal ganglia, have become the 

center of attention of the research of mental illnesses, such as anxiety, stress and 

depression (Goldwater et al., 2009). The involvement of the prefrontal cortex in depression 

has been investigated by many research groups (Koenigs and Grafman, 2009); (Robinson 

et al., 2009). Depression is one of the most widespread and incapacitating mental illness of 

our society, affecting about 8-12% of adult population world wide (Andrade et al. 2003; 

Kessler et al. 2003). There is a growing evidence of changes in the neuronal morphology 

of the PFC in neuropsychiatric diseases most likely due to stress induction (Cerqueira et al. 

2005; Holmes and Wellman 2009; Liston et al. 2006). 

The circuits connecting orbitofrontal cortex (OFC), medial prefrontal cortex 

(mPFC), basal ganglia, and thalamus are central to the pathophysiology and treatment of 

obsessive-compulsive disorders (Greenberg et al., 2009). In addition, the PFC seems to 

have a significant role in mediating the aspects of attention, in close correlation with the 

parietal and temporal cortices. Since the PFC is crucial for regulating attention based on 

relevance,  as well as for  screening distractions, sustaining attention and shifting/dividing 

attention in a task-appropriate manner, it plays an enormous role in attention-deficit 

hyperactivity disorder (ADHD) (Arnsten 2009b; Arnsten 2009a; Emond et al. 2009).  

The different stages of addiction involve various brain areas, including the 

orbitofrontal cortex and dorsal striatum, prefrontal cortex, basolateral amygdala, 

hippocampus, and insula that are highly activated in the stage of craving. The inhibitory 

control of areas in the brain, such as the cingulate gyrus, dorsolateral prefrontal and 

inferior frontal cortices, are highly disrupted in further recurring addiction processes (Koob 

and Volkow 2009; Koob 2009; Volkow et al. 2002). 
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1.5 Properties of the electrocorticogram under urethane anesthesia 

Since we examined the electrophysiological properties of the BF neurons in rats in 

correlation with the cortical electrocorticogram (ECoG) in urethane narcosis, I would like 

to overview the properties of the ECoG under urethane anesthesia.  

The signal of the ECoG is based on the membrane potential changes of the cortical 

neurons and can be recorded by electrodes placed on the cortex (ECoG) or the skull (EEG). 

Different EEG waves are separated by their frequencies (0.1-80Hz) and amplitude. The 

anatomy of the cortical neurons and their synaptic activity play an enormous role in the 

generation of EEG waves. During synaptic activity, in the dendritic zone of the cortical 

neurons inward current is generated that runs into the cell (active sink). At the same time, a 

different, negative current is generated in the soma that results in the dipole nature of the 

cortical neurons. The main sources of the EEG are the excitatory and inhibitory 

postsynaptic potential changes (EPSP and IPSP). When membrane potential changes in 

neurons close to each other are synchronized it results in high amplitude, low frequency 

EEG waves, the so called slow wave activity (SWA). However, when the activity of the 

neighboring neurons is not temporarily synchronized, the EEG pattern is characterized by 

desynchronized, high frequency, lower amplitude waves, the so called low-voltage fast 

activity (LVFA) (Elul, 1971;Traub et al., 1996). 

Detari et al. (1997) described five (1-5) well differentiated EEG patterns in 

urethane anesthesia that reflected the depth of the narcosis using bipolar transcortical 

electrodes placed into the frontal cortex (Detari et al. 1997) (Fig. 5). During urethane 

narcosis, these stages formed a continuous transition from the lighter level of anesthesia 

(LVFA) to the highly synchronized, low frequency, higher amplitude SWA that describes 

the deeper level of anesthesia. During our experiments, we aimed to keep the level of 

anesthesia as deep as possible, to investigate the relationship between cortical slow waves 

(pattern 1 and 2) and the BF unit activity. Pattern 1 and 2 do not appear during natural 

sleep, but are very important and prominent property of the deeper level of urethane 

anesthesia. At the deepest level of anesthesia, there is an almost isoelectric line recorded by 

the EEG that alternates with large slow wave complexes, or just a single slow wave (Detari 

et al. 1997).When membrane is depolarized, extracellular space gets more negative, in 
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contrast negative changes in membrane potential (hyperpolarization) is accompanied by a 

positive shift in the extracellular space.  

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Different EEG patterns in urethane anesthesia registered from the frontal 
cortex. The depth of the anesthesia is decreasing from pattern 1 to 5, 1 representing the 
deepest level of anesthesia. Modified from Detari et al., 1997. 

 

 

 

1.6 Cortical Up and Down states 

The basal forebrain cholinergic system is not the only part of the brain that plays a 

role in cortical activation. There are several brain areas, including the brainstem, the 

thalamocortical system and various other pathways defined by a specific neurotransmitter 

(histamine, noradrenalin, adrenalin, dopamine, serotonin and neuropeptides), that affect the 

sleep-wake cycle of an organism (MORUZZI and Magoun, 1949). 

During natural sleep in humans and under urethane anesthesia in rats, 

electroencephalogram (EEG) recorded from the neocortex revealed a characteristic slow 
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(<1 Hz) rhythm, so called cortical Up and Down states (Steriade, 1993). It is important to 

note here, that the term Up and Down states were first described in relation to a two-state 

spontaneous membrane potential changes using in vivo intracellular recording from the 

neostriatum (Wilson and Kawaguchi, 1996).  

Cortical Up and Down states are often studied in urethane anesthetized animal 

models, where slow oscillations in the cortex are similar to those seen during natural slow 

wave sleep  (Destexhe et al. 1996; Destexhe et al. 2007; Mahon et al. 2006; Steriade 1993; 

Steriade 2001). Contreras and Steriade (1997) performed simultaneous intracellular 

recordings in thalamic and cortical neurons in anatomically-related areas, and first showed 

the oscillation of Up and Down states in the neocortex. The Up and Down transitions are 

synchronous in the thalamus and cortex, and it also shows strong synchronism between 

distant cortical areas (Contreras et al., 1997). In the generation of cortical Up and Down 

state, the oscillations of depolarized (active) and hyperpolarized (silent) states of the 

neurons in the pyramidal layer (V) play an important role. Because of their characteristic 

features, Up and Down states are sometimes used as a synonym for slow oscillations. To 

avoid the confusion, I will refer to Up and Down states as a phenomena that describes 

cortical cellular and network events that occur during two-state (de- and hyperpolarized) 

neuronal behavior. During the generation of Up and Down states, the membrane potential 

of both inhibitory and excitatory neurons fluctuates spontaneously between hyperpolarized 

and depolarized phases. The length of Down states are in strong correlation with the depth 

of the anesthesia (Kasanetz et al., 2002). 

1.6.1 Down states of the neocortex 

The Down state in the cortex can be described as an isoelectric state that occurs 

during periods of decreased synaptic input. The hyperpolarized Down states reflects K+ 

channel activation and withdrawal of synaptic barrages. There is evidence that inwardly 

rectifying K+ currents other than KIR2 may be critical, at least in some kinds of pyramidal 

cells (Cunningham et al., 2006). Intracellular infusion of an unspecific K+ channel blocker, 

Cs+, abolishes hyperpolarization associated with down states during sleep (Timofeev et al., 

2001). It has been shown that hyperpolarization can be produced by two different 

pathways: activation of inhibitory neurons such as GABA or the reduction of synaptic 
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excitation, called disfacilitation. The latter phenomena is more likely to be responsible for 

the spontaneous Down states during slow oscillations of the cortex and in the Down state 

triggered by cortical or thalamic stimulation (Shu et al. 2003; Sanchez-Vives and 

McCormick 2000; Waters and Helmchen 2006; Timofeev et al. 2000;Contreras et al. 

1996).  

1.6.2 Up states of the neocortex 

Up states are believed to be initiated in small recurrent cortical networks and are 

spread through interconnected neurons via synaptic connections (Massimini et al., 2004). 

During Down states, the cortical network is electrophysiologically ‘quiet’. Any input to 

any subset of cells during Down state will trigger shared excitation and associated 

inhibition. Inhibition is obvious everywhere in the cortex. Any strong stimulus applied to 

the cortex evokes a clear inhibitory post-synaptic potential (IPSP) as a part of the response. 

If enough excitation is present, the network will re-excite itself explosively, and the cells 

will depolarize toward the Up states. It has been shown that slow oscillations can be seen 

in the absence of thalamic input to the cortex. Although the thalamus may regulate timing 

of slow oscillations in vivo, the cortex can create Up states without that input (Destexhe 

and Sejnowski, 2003). 

Interestingly, in both Up and Down states, sensory stimuli can reach the cortex, 

although sensory-evoked potentials tend to be larger in Up state than in Down state (Toth 

et al., 2008). The Up-Down state transitions can be initiated in cortical slices of ferrets, rats 

and mice and cortico-thalamic slices of mice, although, in this case, the Down states are 

usually longer and the Up states are shorter than in vivo (Cunningham et al., 

2006;McCormick et al., 2003;Rigas and Castro-Alamancos, 2007;Rigas and Castro-

Alamancos, 2009). Anesthetics that increase K+ conductance or potentiate the action of 

GABA can prolong Down states. In contrast, cortical neurons in the waking state are 

consistently in Up state by virtue of the ascending cholinergic and monoaminergic systems 

that decrease K+ conductance (Luczak et al., 2007).  

The firing pattern and rate of neurons in subcortical structures, including the 

striatum, globus pallidus, thalamus, subthalamic nucleus, substantia nigra and zona incerta 

is strongly correlated with the cortical slow oscillation (Balatoni and Detari, 2003; Bartho 
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et al., 2007; Bellocchio et al., 2000; Kasanetz et al., 2002; Magill et al., 2000; Tseng et al., 

2001). It has been shown that the rhythm of the cortical Up and Down states is transmitted 

to subcortical structures via direct or indirect pathways and the coupling depends on the 

strength of cortical synaptic input to these subcortical structures (Bartho et al., 2007).  

As previously described, various basal forebrain neurons populations, including 

cholinergic and non-cholinergic corticopetal cells, play a crucial role in the regulation of 

cortical activation by innervating most parts of the neocortex (Detari and Vanderwolf, 

1987; Detari et al., 1997a; Detari et al., 1997b; Detari et al., 1999; Duque et al., 2000; Lee 

et al., 2005; Manns et al., 2000). However, in an electron microscopy study, the prefrontal 

cortex (PFC) was shown to be the only cortical area that sends projections to the BF 

(Zaborszky et al., 1997).  Because of the exclusive nature of this connection that provides 

the only returning descending link from the cortex to the BF, it would be crucial to 

understand its anatomical and physiological characteristics. 

 

 

1.7 Electrophysiological properties of neurons in the BF 

 

In previous studies it has been revealed that the majority of BF neurons (so called F 

cells) have a strong positive correlation with EEG activity, meaning that cells showed 

increased firing rate during low-voltage fast activity (LVFA, f > 16 Hz) in urethane 

anaesthetized rats. A smaller group of cells (S cells) also showed correlation with the 

changes in EEG, but in this case there was an increase in the firing rate during slow wave 

activity (SWA, f < 4 Hz) and they stopped or reduced their firing rate during LVFA (Detari 

et al., 1997a; Detari et al., 1997b; Detari et al., 1999; Detari, 2000). In vivo extracellular 

recording with subsequent juxtacellular labeling and immunohistochemistry permitted 

further characterization of BF neurons (Duque et al., 2000; Manns et al., 2000; Manns et 

al., 2003). Cholinergic neurons correspond to one of the F cell populations, however, PV-

containing, putative GABAergic neurons also belonged to the F category (Duque et al., 

2000). Among the S cells, several neurons containing NPY were found. In an effort to 

characterize the functional relationship between the PFC and BF areas we were interested 

to distinguish what is the functional effect of prefrontal stimulation on BF unit firing. 

 42



Except for one study, that investigated with electrophysiological methods the connection 

between the dorsomedial part of the PFC and BF, no data are available how more ventral 

parts of the PFC afferents reach the BF (Golmayo et al., 2003;Sesack et al., 1989). We 

investigated the connection between BF and prefrontal areas by stimulating PrL/IL areas 

and recording single unit activity in the BF during EEG monitoring. Recording was 

followed by juxtacellular labeling of the recorded neurons, and an attempt to 

immunohistochemically identify the juxtacellularly labeled cells.  
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2 Proposal 
The basal forebrain plays an important role in the activation of the entire neocortex 

via direct and indirect connections. In turn, however, the only cortical area that sends 

projections back to the BF is the prefrontal cortex, that plays an enormous role in many 

cognitive functions. The interconnection between the PFC and the BF has not been 

extensively studied so far, even though it represents a significant anatomical bond between 

these two areas.  This thesis aimed to investigate the connection between the BF and the 

neocortex using different technical approaches such as electrophysiological recording, 

anatomical tracing and immunohistochemistry in rats.  

 

Electrophysiological experiments  

 

We addressed the following problems in acute, in vivo experiments on urethane 

anesthetized rats: 

1. How do the spontaneous changes of cortical activity affect the 

activity level of BF neurons? What are the temporal associations between 

spontaneous cortical Up and Down states and single units in the BF? 

2. How does the stimulation of the mPFC affect the firing properties of 

single BF neurons? What is the temporal the relationship between the effect of the 

mPFC electrical stimulation and basal forebrain unit activity?  

3. Do the neuron populations that respond to either PCF stimulation or 

to spontaneous changes of cortical Up and Down states represent well segregated, 

anatomically differentiated cell groups in the BF? 

 

Anatomical experiments 

 

Using anatomical tracing methods, electrical lesions and immunohistochemistry, 

we were looking for the answers of the following questions: 

1. What is the projection pattern of the descending axons from the mPFC to 

the BF? 
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2. Is there another neuron population, besides the PV containing neurons, in 

the BF that receives direct input from the mPFC? 
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3 Materials and Methods 
3.1 Electrophysiological experiments 

Our first set of experiments were carried out to investigate the electrophysiological 

properties of individual BF neurons recorded in urethane anesthetized rats and to examine 

their relationship with cortical Up and Down states. In short, first we recorded the normal 

firing patter of the BF neurons in relation to the changes of cortical activity. In the next 

step, we applied electrical stimulation in the mPFC while still recording the electrical 

activity of the same BF neuron, and finally an attempt was made to juxtacellularly label the 

BF neuron in question. During the whole procedure, ECoG was recorded from the M1/M2 

area of the cortex. 

3.1.1 Animal preparation 

Experiments were performed on Wistar male rats (n=31) weighing 250-350 g. 

Animals were housed in temperature controlled environment and had free access to food 

and water. Animals were anesthetized with urethane (1.0-1.2 g/kg, i.p.), plus 4% lidocaine 

was injected on the site of the the cranial incision and into the ear canals. Supplementary 

doses of urethane were also given when slow wave cortical activity decreased. Animals 

showed no behavioral response to tail pinch during the experiment. Animals were fixed in 

a stereotaxic instrument (TSE Systems, Bad Hamburg, Germany). Square shaped holes 

were drilled according to the stereotaxic coordinates measured from the Bregma above BF 

areas. Body temperature was kept at 37˚C by a heating pad (SuperTech, Pecs, Hungary). 

All surgical and animal care procedures adhered to the guidelines for the use and care of 

experimental animals of the European Communities Council Directive and the local 

Animal Care and Use Committee. All efforts were made to minimalize the discomfort of 

the animals. 
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3.1.2 Electrode placement, electrophysiological recording and stimulation 

Electrocortical activity (ECoG) was recorded by a transcortical bipolar electrode 

made of Teflon insulated stainless steel wire (diameter 125 um) at A: +2.0mm, L: 2.0 mm 

through a small drilled hole on the right hemisphere. The superficial electrode touched the 

pial surface, while the deep one reached 1.5 mm below the cortical surface. ECoG was 

filtered between 0.1-100 Hz amplified and sampled at 200Hz. The deep electrode was 

positive compared to the superficial. 

Following craniotomy single unit activity from BF neurons was recorded with glass 

capillary microelectrodes (OD=2mm x ID=1.12, World Precision Instruments, Sarasota, 

FL, USA) pulled by a vertical puller (Narishige PE-2, Tokyo, Japan) to a tip size of 0.5-

2μm. The electrode was filled up with 1.5-3% Biocytin (Sigma-Aldrich, Schelldorf, 

Germany) dissolved in 0.5 M NaCl solution resulting in a tip resistance between 10-25MΩ. 

The electrode was positioned 1.4 mm posterior, and 2.5-3 mm lateral from the Bregma and 

lowered 6 mm from the surface of the cortex after dura had been removed. The electrode 

was advanced slowly (approximately 20-30 μm/min) using a piezo-electronic positioner 

(Burleigh 6000 ULN, Quebec, Canada).  

Prefrontal cortex (A: + 3.2mm, L: ± 0.5mm, D: 4mm) was stimulated with 

constant-voltage square-wave train pulses (I=0.5-1.5mA; delay=50ms; duration=0.3 msec; 

f=300Hz; n=3) delivered by a Master8 (AMPI, Jerusalem, Israel) stimulator through a 

bipolar stimulating electrode (d=0.5 mm, stainless steel) (Fig 6). 

Following a 5-10-minute baseline recording three series of 35 stimulus trains each 

was given at different intensities. After the stimulation was completed, an attempt was 

made to label the recorded neurons using the juxtacellular filling method described by 

Pinault (1996). The glass micropipette was carefully advanced closer to the neuron, and 

Biocytin was ejected by applying positive current pulses for 5-15 min (0.1-10 nA, 300 ms 

duration, 50% duty cycle) through the bridge circuit of the amplifier (Axoclamp – A2, 

Axon Instruments, Molecular Devices, Sunnyvale, CA, USA).  
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Figure 6. Experimental setup. Extracellular unit recording glass micropipette, filled 
with Biocytin was placed in the BF area, while cortical EEG was recorded with a bipolar 
electrode from the M1/M2 area of the neocortex. In addition, a third, bipolar stimulating 
electrode was aimed to reach the IL/PrL areas of the medial PFC. 

 

3.1.3 Perfusion, tissue processing and immunohistochemical staining 

 

Following the experiment, rats were perfused transcardially with 50 ml PBS at 

room temperature followed by 400 ml cold 4% paraformaldehyde diluted by 0.1 M PBS 

(pH 7.4). The brain was removed from the skull and post fixed overnight in the same 

fixative at 4˚C. The forebrain was cut by a Vibratome at 60μm thickness. Sections were 

collected from A: 0.5 to A: -2.5 mm from the Bregma. All histochemical procedures were 

performed using free-floating sections rinsed in 0.1 M PBS. After cutting and rinsing, 

sections were incubated in Cy3 conjugated Streptavidin (1:500, Jackson Immuno 

Research, Suffolk, UK). The recorded and juxtacellularly filled neuron was found under an 

epiflourescence microscope (Olympus, BX51) and photographs were taken with a digital 

camera (FlouViewII Software) connected to the microscope. The labeled soma was 

processed for immunostaining for choline acetyltransferase (ChAT) and PV in the case of 

F cells, and neuropeptide-Y (NPY) and somatostatin (SS) in the case of S cells. To detect 

immunoreactivity the following antibodies were used: mouse anti-choline acetyltransferase 

BF 
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monoclonal antibody (1:250, 1% Triton-X, Chemicon Int., Temecula, CA, USA) to 

visualize cholinergic cells followed by FITC- conjugated donkey anti - mouse IgG (1:300, 

Jackson Immuno Research); goat anti-PV (1:1000, 1% Triton-X, Swant, Bellinzona, 

Switzerland) followed by  FITC- conjugated donkey anti - goat IgG (1:300, Jackson 

ImmunoResearch). Following incubation in the primary and secondary antibodies, sections 

were washed two times in PBS at room temperature then incubated in ABC (1:500, 

VectorLab, Burlingame, CA, USA) overnight at 4˚C. They were rinsed two times in PBS 

and once in Tris-buffer (TBS, pH 7.4) and placed in TBS containing DAB (0.025%, 

Sigma-Aldrich), nickel sulfate (1%,) and ammonium chloride (1%) for 10-15 minutes. 

Reaction was stopped by extensive rinsing in PBS. Sections were than mounted onto 

gelatine-coated slides, dehydrated and cover slipped with DepEx (Serva, Heidelberg, 

Germany). If no cell bodies were found after Cy3 conjugated Streptavidine incubation, 

sections were mounted and Nissl-stained to visualize all the cell bodies and the electrode 

tracks.  

3.1.4 Data analysis 

Data processing was generally performed using MatLab 7.1 (MathWorks, Natick, 

MA, USA) and Spike software (Cambridge). Cortical Up states were detected by finding 

negative deflections below two standard deviations on the EEG. Perievent-Time-

Histograms (PETHs) were calculated around the local minimum of the Up states. A peak 

in a PETH was defined significant when at least one of the bins exceeded 95th percentile 

of the baseline mean (assuming a Poisson distribution, MATLAB ‘poissinv’ function). 

Similarly, inhibitory troughs were considered significant at least one bins were below 5th 

percentile of the baseline mean. Peaks and troughs of the spike triggered average (STA) of 

the EEG were calculated from between -5 to 5 sec relative to the spikes in the BF. The 

baseline (control number of spikes) was calculated between -2 to 4 secs on the PETH. 

Baseline spike trains (5-10 min) were analyzed (Spike and Origin 6.0 software) to 

obtain mean firing rate and coefficient of variation values, to construct interspike interval 

histograms, and to test correlation between EEG waveforms and unit firing pattern. To 

determine characteristics of spike shapes, several spontaneous discharges were averaged 

using the same filtering conditions (300 Hz-10 kHz). Three variables of spike shape have 
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been calculated as described below. The width of the spikes was measured between the 

beginning of the first peak and the end of the first trough or the top of the second peak if 

there was any. The amplitude of the whole spike was calculated between the largest 

positive and negative values.  

 

 

3.2 Anatomical experiments 

In order to find anatomical evidence whether or not SS and NPY containing 

neurons in the BF receive direct input from the medial PFC, an anterograde tracer, 

biotinylated dextran-amine (BDA), was injected into the IL and in some cases into the PrL 

regions of the mPFC and BF sections were processed for double immunolabeling for BDA 

(NiDAB) and SS or NPY (DAB). 

 

3.2.1 Animal preparation and anterograde tracer injection  

Experiments were conducted on Sprague-Dawley rats (n=20) weighing between 

260 and 290 grams housed on a normal 12:12 h light-dark cycle with food and water ad 

libitum. The animals were initially anaesthetized with ketamine – xylazine (100 mg/25 

mg/kg ip). After anesthesia rats were placed on a stereotaxic frame. Sagittal incision was 

made along the midline of the head and the skull was exposed. A 2x2 mm craniotomy was 

performed on the prefrontal skull at 3.2 mm anterior to bregma and 0.5 mm lateral to the 

midline. Coordinates were based on the Watson-Paxinos Rat Brain atlas (Paxinos et al., 

1980). The iontophoretic injections of the anterograde tracer were carried out by using a 

glass micropipette with a tip diameter of 20-40 µm filled with 10% BDA dissolved in 

saline. After lowering the pipette to the IL/PrL area (4.5-5 mm from the surface) we 

applied 5-7 µA positive current pulses (100 msec of duration at 2 Hz) for 15-20 minutes. 

The opening of the craniotomy was then covered with a piece of a sterile gelfoam and the 

surgical incision was closed.  

For light microscopy (LM) procedures after 7 days survival time, the animals were 

overdosed with urethane and were perfused transcardially first with 200 ml of 0.9% saline 
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in 0.1 M PBS followed by 500 ml fixative containing: 4% paraformaldehyde (PF), 0.1% 

glutaraldehyde and 15% picric acid. Brains were removed and stored overnight in the same 

fixative as described above but without glutaraldehyde. Brains used for light microscopy 

were immersed into 30% sucrose in PBS overnight, frozen on powdered dry ice, and 

sectioned at 50 µm with a cryostat. Sections were collected from A: 0.5mm to P: -2.5 mm 

from the Bregma. 
 For electron microscopy (EM), animals were sacrificed after 3 days of survival 

time and were transcardially fixed with 50 ml 0.1M PBS (pH 7.4) followed by the fixative 

of: 100ml 2% PF and 4% acrolein in the first step and finally 200 ml 2% PF. Brains were 

removed and post fixed in 4% PF at 4C overnight. For embedding for electron microscopy, 

serial sections (50 µm) were prepared on a Vibratome and the same procedures were 

carried out.  

 

3.2.2 Electrical lesion of the medial prefrontal cortex 

Experiments were conducted on Sprague-Dawley rats (n=20) weighing between 

260 and 290 grams housed on a normal 12:12 h light-dark cycle with food and water ad 

libitum. The animals were initially anaesthetized with ketamine – xylazine (100 mg/25 

mg/kg ip). Animals were placed in a stereotaxic frame.  A 2x2 mm craniotomy was 

performed on the prefrontal skull at 3.2 mm anterior to bregma and 0.5 mm lateral to the 

midline and was followed by electrical lesion of the medial prefrontal cortex was carried 

out by a bipolar electrode. After lowering the electrode to the IL/PrL area (4.5-5 mm from 

the surface) we applied 5-10 mA positive current pulses for 1-3 minutes. The opening of 

the craniotomy was then covered with a piece of a sterile gelfoam and the surgical incision 

was closed. After 24-48 hours of survival time the animals were perfused with 300 ml of 4-

5 % paraformaldehyde buffered with 0.1 M cacodylate. For light microscopy, the 

degeneration was visualized by using silver staining for terminal degeneration and 

lysosomes (Gallyas et al., 1980c). For electron microscopy studies, a different set of 

animals after the electrical lesion procedure were sacrificed and perfused with  50 ml 0.1M 

PBS (pH 7.4) followed by the fixative of: 100ml 2% PF and 4% acrolein in the first step 
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and finally 200 ml 2% PF. Immunohistochemistry was followed as described below for 

various markers of neurotransmitters. 

3.2.3 Immunohistochemistry for light microscopy 

All the treatments described below were carried out at room temperature unless 

otherwise specified. After rinses in PBS (2 x15 minutes), groups of sections were treated 

with sodium borohydride [1% sodium borohydride (Sigma) in PBS, 20 minutes] to remove 

aldehyde groups which were followed by a thorough rinse in PBS again (3 x 15 minutes). 

To reduce background and prevent any possible cross reaction during the subsequent 

immunocytochemical procedures, the sections were treated in hydrogen peroxide (1% 

hydrogen peroxide in PBS, 10 minutes) to reduce intrinsic hydrogen-peroxide activity. 

Before incubation in antibody solutions, the sections were treated with normal serum [2% 

normal goat serum (Jackson Immunoresearch Laboratories, West Grove, PA) in PBS, 30 

minutes] to prevent nonspecific antibody binding. This was followed first by the mixture 

of the A and the B component of the avidin/biotin standard kit (Vector Laboratories; 1:500 

each in PBS, 30 minutes each). The NiDAB precipitate was silver-gold intensified as 

described earlier (Gallyas et al., 1980a;Liposits et al., 1984). For the visualization of BDA 

series of sections were developed with Ni-DAB. Between each incubation step, the 

sections were rinsed in PBS for 2 x 15 minutes. Prior to development, 2 x 15 minute rinses 

in Tris-buffered saline [TBS: 38.5 mM Trizma hydrochloride (Sigma), 11.5 mM Trizma 

base (Sigma), 154 mM sodium chloride, 0.01% thimerosal, pH 7.60) were utilized to 

increase pH stability. The peroxidase reaction was carried out using the nickel-enhanced 

diaminobenzidine (NiDAB) chromogen [20–30 minutes incubation in a developer solution 

containing 0.4 mg/ml 3,3-diaminobenzidine tetrahydrochloride (DAB; Sigma), 0.4 mg/ml 

nickel ammonium sulfate (Fisher Scientific, Pittsburgh, PA), 0.4 mg/ml ammonium 

chloride (Fisher Scientific), and 0.006% hydrogen peroxide dissolved in TBS] that 

revealed adrenergic fibers in black. 

To visualize SS -positive structures, the sections already labeled for BDA 

underwent further immunohistochemical processing. The sections were first incubated rat-

anti-somatostatin antibody (1:50  48 hours at 4C) with 0.1% Triton-X as the primary 

antibody followed by a biotinylated goat-anti rat IgG (Jackson Immunoresearch 
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Laboratories; 1:300 in the antibody diluent, overnight) followed by the Vectastain 

peroxidase ABC (1:500 in PBS, 2 hours). The peroxidase reaction was carried out using a 

developer solution containing 0.4 mg/ml DAB and 0.0006% hydrogen peroxide dissolved 

in TBS that resulted in the development of brown deposits in somatostatin containing 

profiles. The sections were mounted onto glass microscope slides from elvanol [0.3% 

polyvinyl alcohol 70,000 (Sigma), 30 mM ammonium acetate (Sigma), and 0.1% sodium 

azide], air dried overnight, cleared in xylenes (Fisher Scientific; 2 x 10 minutes), and 

coverslipped with DPX (Electron Microscopy Sciences).  

For NPY staining we used rabbit-anti-NPY antibody (kindly provided by Dr. Istvan 

Merchenthaler, University of Maryland, Baltimore) followed by a biotinylated goat-anti-

rabbit IgG secondary antibody. The same DAB procedure was carried out to visualize 

NPY as in the case of the SS-containing neurons.  

To visualize CB (rabbit-anti-CB, 1:1000) and CR (rabbit-anti-CR, 1:1000) positive 

profiles we used primary antibodies (48 hrs at 4C with 0.1% Triton-X) followed by a 

biotinylated goat-anti-rabbit IgG secondary antibody. The same DAB procedure was 

carried out to visualize CB and CR positive neurons as in the case of the SS-containing 

neurons. 

 

3.2.4 Immunohistochemistry for electron microscopy 

The sections for electron microscopy were also double stained for BDA and SS, 

NPY, CB and CR in generally the same way as the same way as for light microscopic 

immunoperoxidase labeling, although the preservation of ultrastructural details required 

some modifications. For this purpose, the Triton X-100 was completely omitted from all 

solutions. Instead, before treatment in normal serum, the tissue was cryoprotected in 30% 

sucrose overnight at 4°C then the sections were freeze-thawed sequentially three times in 

liquid nitrogen fumes. Also the thioglycolic acid pretreatment was omitted from the 

protocol for electron microscopy. The double-immunostained sections were osmicated [1% 

osmium tetroxide (Electron Microscopy Sciences) in PBS, 40 minutes] and then 

dehydrated in an ascending series of ethanol (30–50–70–90–100%). For contrasting, the 

tissue was treated with uranyl acetate [1% uranyl acetate (Electron Microscopy Sciences) 
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added to the 70% ethanol, 30 minutes]. After treatment with propylene oxide (Electron 

Microscopy Sciences; 2 x 5 minutes), the sections were soaked in durcupan (Fluka Chemie 

AG, Buchs, Switzerland; overnight) then flat embedded between liquid release agent-

pretreated (Electron Microscopy Sciences) microscope glass slides and cover slips. Side-

to-side contacts between BDA boutons and somatostatin or NPY containing profiles, 

suggestive of synaptic input, were selected under the light microscope. The selected 

structures were documented using a Zeiss Axiocam digital camera. Small tissue pieces 

containing the selected appositions were cut out and mounted onto blank durcupan blocks. 

Ribbons of ultrathin sections were cut on a Reichert Ultracut E ultramicrotome and picked 

up onto formvar-coated (Electron Microscopy Sciences) single-slot grids. The ultrathin 

sections were analyzed on a Philips Tecnai 12 transmission electron microscope, and 

pictures were captured using a Gatan BioScan digital camera. 

 

3.2.5 Digital image processing 

When it was necessary, contrast and lightness were adjusted on digitally produced 

pictures. All groups of pictures were assembled and lettering was added using Adobe 

PhotoShop 7.0.  
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4 Results 
4.1 Electrophysiology and PFC stimulation 

As a result of the electrophysiological measurements, a total of 57 neurons in the 

BF were studied. First we categorized these neurons based on their relationship to the 

cortical activity and on their response to tail pinch (TP) stimulation. Units were 

characterized as F cells if their activity increased due to TP stimulation or spontaneous 

desynchronization. In contrast, the activity of S cells decreased following TP stimulation 

and/or was only active during spontaneous cortical slow waves. Out of all the recorded 

neurons, 41 (72%) increased their discharge rate when LVFA was present in the cortical 

EEG (F cells) and 9 (15%) showed increased firing rate during SWA (S cells). In addition, 

7 neurons (13%) showed no correlation with any EEG pattern (Fig. 7).  

 
Figure 7. Representative samples of changes in the EEG (A, B) and F and S cell activity 
(C, D) evoked by 2-5 tail pinch stimuli. A, C) A typical response of F cells was an increase 

 55



in firing rate after tail pinch. Note that the number of spikes increased almost four times 
and remained at that level while desynchronization was present in EEG. B, D.) Due to tail 
pinch, S cells suspended their firing for a shorter or longer period of time in close 
correlation with cortical desynchronization (bin width=10 ms). Red line marks beginning 
of TP.  

 

 

After the inspection of the stimulation sites in the prefrontal cortex we found that 

47 out of 57 stimulation sites were in the infralimbic (IL) area of the medial PFC and in 10 

cases the electrode track was found in the prelimbic (PrL) area (Fig. 8). 

 
 
 
 

Figure 8. Location of PFC stimulating electrodes. After the immunohistochemical 
procedures were carried out, stimulating electrode tracks were located in the PFC. 
Stimulation sites are labeled with red and were detected between +3.7 mm to +2.7 mm 
anterior to Bregma.  

 

Stimulation effects showed no correlation with the exact position of the stimulating 

electrode, suggesting that both PrL and IL regions of the mPFC are indeed connected to 

the BF. F and S cells could be further sorted based on their responses to PFC stimuli. We 

found that 28/41 F and 8/9 S cells responded to PFC stimulation (Fig 9). The majority of 

the F cells showed excitation (F/+; n=8) then their activity returned to the background 

level. Another group of F cells (F+/-) showed massive positive response followed by a 

long depressed period (n=8). In contrast, a smaller group of F cells (n=6) expressed a short 

 56



negative, inhibitory response (F/-) while another 6 cells showed a long inhibition (F/--). In 

the case of S cells we found a group that showed inhibition (n=6) and a smaller, but clearly 

defined group (n=2) showing excitation in response to PFC stimuli. Pre-stimulus firing 

rates in the four groups of F cells during the 5 min period prior to stimulation showed 

significant (One-Way ANOVA; p ≤ 0.05) differences: F/+ (0.85±0.31 Hz); F +/- 

(5.13±1.62 Hz); F/- (12.5±2.5 Hz); and F/-- (7.91±24 Hz) (Fig. 9). Due to the low number 

of S cells no similar analysis could be performed for these population, however we found 

the firing rate of the S cells to be 8.44±4.38 Hz (n=7). Latencies of both excitatory and 

inhibitory responses varied between 10 and 150 msec. 

 
Figure 9. (A) Distribution of F and S cells between the different response 

categories. (B) Background firing rates of F cells before PFC stimulation in the different 
response categories. F cells that showed an immediate and short inhibitory response to 
PFC stimulation had significantly higher firing rates (12.5±2.5 Hz; n=6), than F cells 
showing excitation (0.85±0.31 Hz; n=6).  

 

4.1.1 EEG field potentials 

Following stimulation of the PFC, averaged evoked potentials in the M1/M2 area 

of the neocortex showed mostly similar features in terms of the shape of the response, 

however, the amplitude of the large positive waves were  different (Fig 10). The field 

potential waves consisted of an early negative component, lasting up to 50 ms and a late, 

positive component, with duration of about 500ms. In most cases, firing of BF neurons 

increased and decreased closely following the positive and negative components of these 
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evoked field potentials. When the negative component was correlated with increased unit 

activity in the BF, the positive component of the evoked potentials was expected to 

correlate with decreased BF neuronal activity. This alternation was a general pattern that 

has been observed regardless of cell types or responses given to prefrontal stimulus. 

Facilitation was always followed by inhibition in the activity of the BF units in correlation 

to the field potential activity. During our recording, the deep electrode represented 

positivity against the superficial electrode on the surface of the cortex.  

 
Figure 10. Diversity of changes in neuronal activity in F-, and S-cells following 

PFC stimulation. Most of the F and S cells responded to PFC stimuli showing inhibition or 
facilitation, though among F cells, a higher degree of diversity was found. Inhibitory 
responses were more frequent in neurons with higher background activity while facilitation 
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occurred in those cases when the neurons showed relatively low discharge rate. Curves 
show averaged cortical evoked potentials recorded from the M1/M2 cortical areas. 
 

4.1.2 Juxtacellular labeling, localization and identification of the neurons  

After PFC stimulation was completed, a total of 22 cells were successfully labeled 

with Biocytin. Biocytin positive neurons were distributed through the substantia 

innominata (SI) (n=12), globus pallidus (GP) (n=9) or located at the border of the striatum 

(n=1). The distribution of the F and S cells overlapped and no separation was found in 

respect to the different PFC stimulus responses either (Fig. 11). 

 

 

  

 

Figure 11. Distribution of biocytin labeled neurons after PFC stimulation in the BF 
areas. Most of the neurons were located in the SI, GP or at the border of the striatum. 

 

 

Out of the 22 Biocytin-labeled cells, 21 neurons matched the criteria of F cells and 

one neuron was classified as S cell based on the criteria described above. Two neurons 

were successfully identified by immunohistochemical methods: one contained ChAT, 

while the other PV (Fig. 12). The PV cell was excited with short latency (10 ms) by the 

PFC stimulation. In contrast, inhibition with long latency (100-300 ms) was seen in the 
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case of the cholinergic neuron. In both identified cells, neuronal firing showed strong 

correlation with the changes of the field potential in the cortex and followed closely the 

PFC stimulus (Fig. 13).  

 

 
 

Figure 12. Identified cholinergic and PV containing neurons in the BF. Digital 
photographs of juxtacellularly labeled and identified PV-containing (first row A, B, C) and 
cholinergic (D, E, F) neurons. A, D) Cy3-conjugated Streptavidine staining. B) FITC- 
conjugated donkey anti - mouse IgG to visualize Ms-anti-ChAT staining. E) FITC- 
conjugated donkey anti - goat IgG to visualize Gt-anti-PV staining. C, F) neurons 
developed with Ni-DAB. G, H) Location of the PV-containing and ACherg neurons, 
respectively, marked by a small red square. I) Location of the two identified neurons on a 
schematic figure from rat brain atlas.  represents the cholinergic neuron, while  stands 
for the PV containing cell. Scale bar on picture C is 30μm. 
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Figure 13. Electrophysiological properties of the identified PV containing and 

cholinergic neurons in the BF. Analysis of the identified parvalbumin (first row) 
containing and cholinergic (second row) neurons. A, C) shows the averaged post-stimulus-
time-histogram (PSTH) of the PV cell and the simultaneous EP (evoked potential), 
respectively, following PFC stimulation. Please, note the considerable positive peak in the 
unit activity E) PSTH for the identified cholinergic neuron, in which case only a minor 
change in the discharge activity compared to the baseline activity was observed. G) 
Averaged EP in this case. B, D) and F, H) show the intervallum histogram and 
autocorrelogram of the unit activity of the PV and the cholinergic neuron, respectively. 
Insets in panels B and F illustrate the spike shapes of the neurons. While the spike width of 
the two neurons were approximately the same (0.8-2ms) the difference in the spike 
amplitude was remarkable 

 

4.1.3 Morphometry 

After immunohistochemical analysis, sections were processed for NiDAB, to study 

juxtacellularly filled neurons under the light microscope. Altogether 19 cells were 

recovered out of 22. The loss of numbers of the labeled neurons was due to severe damage 

on the sections that undergone several immunohistochemical procedures.  The average 

diameter of the juxtacellularly filled neurons was 18.36±8.1 μm and 17±4.7 μm of their 

longer and shorter axis. The vast majority of the cells were small to medium sized (10-25 

μm in horizontal and vertical expansion) but 23% of the neurons were in the range of 25-

35 μm. After measuring the horizontal and vertical diameters of each neuron we expressed 

the quotient of the values by dividing the larger value by the smaller one. Those cells in 

which the quotient was between 1.00 and 1.2, i.e. less than 20% difference were 
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considered to be round, while a quotient larger than 1.2 indicated an ovoid neuron shape. 

Using Statistica 7 (StatSoft, Tulsa, OK, USA) software, we found 13 neurons to have 

ovoid cell body shape while 6 were categorized as having round shaped cell bodies. We 

applied a 2x2 contingency table to examine the relationship between positive or negative 

responses to PFC stimulation and the shape of the soma. We found that ovoid shaped 

neurons gave significantly more positive responses, while round shaped neurons were 

more frequently inhibited following PFC stimulus than expected (degree of freedom = 1; 

chi-square = 4.38; p = 0.0363). 

We also tested if there is any correlation between spike shape and neuronal 

geometry. Spike width in ovoid shaped neurons (1.69±0.42 ms, mean±SD) was smaller 

than in round shaped ones (1.9±0.44 msec – (p ≤ 0.05)). Peak-to-peak amplitude of spikes 

generated by ovoid shaped cells were significantly bigger (219±80 μV) compared to the 

round shaped cells (142±33 μV, p≤0.05). 

 

4.1.4 Relationship between cortical up and down states and BF unit activity 

 

By inspecting the firing pattern of the recorded neurons in correlation with cortical 

Up and Down phases, we found three distinct activity patterns. Many cells (22/51, 43.1%) 

fired phase-locked to the cortical Up states (Fig. 14 A, Up state-on cells) with a significant 

excitatory peak on the Up-state triggered PETH (Fig. 14F), and a negative peak on the 

spike-triggered average (STA, Fig 14G). Up states are represented as negative deflection, 

showing downward signals on our recordings. A minority of cells (6/51, 11.7%), while 

tonically active during Down states, decreased or ceased firing during Up states (Fig. 15A, 

Up state-off cells), thus displayed a significant inhibitory trough on the PETH (Fig. 15F), 

and a positive peak on the STA (Fig. 15G). The rest of the cells (23/51) either did not show 

any significant changes, or their firing was completely independent of Up and Down states. 

Based on their inhibition and excitation indexes, these groups of neurons reveal well 

segregated neuron populations (Fig. 16). The Up state-on cells form a distinct group, while 

the Up state-off cells are contiguous with the non-significant cell group. 
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Figure 14. Representative example for an Up state-on neuron. A) Raw EEG and unit 
activity showing significant correlation between up states and unit activity. Red tracks 
represent the peaks of Up states, while the green tracks correspond with the BF unit 
activity. Because of the negativity in the field potential, Up states are negative deflections 
that are presented as a downward line in our recordings. B) EEG autocorrelogram figures 
demonstrate the rhythmical activity of the EEG during our recording. E) We found a peak 
in the EEG power at less than 1Hz. The last two figures show the Up state triggered peri-
event time histograms (PETHs). The horizontal dotted lines represent the lower and the 
upper limits of the confidence interval (F) and spike triggered average (STA) of the EEG 
waves that show a strong BF unit-Up state locked relationship (G). 
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Figure 15. Representative example for Up state-off neurons. A) Raw EEG and unit 

activity showing significant correlation between up states and unit activity. B) EEG 
autocorrelogram figures demonstrate different groups of neurons found in the BF based on 
their correlation to cortical slow oscillation. Figures show the Up state triggered peri-event 
time histograms (PETHs) (F) and spike triggered average (STA) EEG waves (G). 

 

The three groups, separated according to their correlation with cortical UP states, 

were different in other respects as well. We found that the mean firing frequency of up 

state-on cells was significantly (One-way ANOVA; p<0.05) lower (3.17±0.8 Hz) 

compared to up state-off cells (14.88±3.08 Hz) or non-correlated neurons (9.73±1.02 Hz).  
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Figure 16. Diagram showing the correlation between the three different groups and 

their suppression (inhibition) and excitation index. Inhibition and excitation indexes are 
representing the percentage of how much the activity of the given neuron crossed the line 
of the 95% confidence interval of the PETH. Up state-off cells are clearly separated having 
a relatively high inhibition index, while up state on cells are mostly have high excitation 
index, however it is expanded on a wider range.  

 

 

We found that changes in the BF neuronal firing occur with a delay in every case 

that we recorded (0.28±0.036 sec, in case of facilitation and 0.14±0.006 sec in case of 

inhibition) in relation to the onset of the Up state. The heterogeneity of BF neurons in 

terms of electrophysiology is further supported by the observation that out of 22 Up state-

on cells, using the criteria of Detari et al (1997), we identified 14 F cells and 1 S cell, while 

from the 6 up state-off cells there were 4 F cells and 2 S cells. These findings show that F 

and S cells do not completely correspond to Up state-on or Up state-off cells. 
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 A 

B 

Figure 17. Up state triggered peri-event time histograms (PETH) in neurons that 
were excited (A, n=16) or inhibited (B, n=6) during Up states. Green lines indicate 
confidence intervals assuming Poisson distribution, while the red line shows the peak of 
upstate. The blue line is the averaged EEG at point 0 (the peak of the Up state) showing the 
averaged shape of the Up states. The right corner insets indicate the latencies from the peak 
of Up state in every recorded neuron, that showed a significant correlation with the cortical 
Up state. Axis x represents time (s), axis y shows number of spikes (counts). 
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The spike width was also different in these three groups. In the Up state-off cells, it 

was significantly longer (2.15±0.25ms) compared to the Up state-on cells (1.6±0.09 ms), 

while in the case of the none-correlated neurons, the width was between these two values 

(1.7±0.12 ms). Spike amplitudes turned out to be significantly different in the three groups, 

by using a one-way ANOVA test (p<0.005). We found that the amplitude of Up state-on 

cells was the highest (181.0±18.66µV), while the amplitude of both the Up state-off 

(135.9±9.68µV) and non-correlated (130.0±6.24 µV) neurons were lower and differed 

significantly. 

We identified the localization of 13 Up state-on and 6 Up state-off neurons, as well 

as 19 non-correlated neurons in the BF by either localizing the biocytin labeled cell bodies 

or locating the electrode track on Nissl stained sections (Fig 18A-B). However, our spatial 

analysis revealed no correlation between the localization of these cells and their association 

with cortical state changes. With few exceptions, the recorded neurons were located in the 

cholinergic areas of the BF. From this pool of neurons, 16 cell bodies that were 

successfully labeled with biocytin and recovered. We measured the longest extension of 

the cells, and the diameter perpendicular to it. Both measures were significantly larger in 

Up state-on cells than in non-correlated neurons. Since no Up state-off cell was 

successfully labeled, this comparison cannot be done on that group.   
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Figure 18. A, B) Diagram showing the location of Up state-on and -off cells, as 
well as non-correlated neurons. C) Example light microscopy photographs of biocytin 
labeled, non-identified neurons in the BF. Green triangles represent Up state-on cells, red 
circles Up state-off and empty circles non-correlated neurons on figure A and B. 
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4.2 Anterograde tracer injection results – light and electron microscopy 

 

Zaborszky et al (1997) has previous described mPFC terminating on PV containing 

neurons in the BF. However, besides the labeled PV containing small dendrites, dendritic 

shafts and spines, various unlabeled structures have also received axons from the medial 

prefrontal areas. It has also been shown, that acetylcholine containing neurons in the BF do 

not receive direct input from the PFC (Zaborszky et al., 1997). Thus, either NPY or SS 

containing, local interneurons would be good candidates to receive direct cortical input and 

forward that information to the cholinergic cell population. In order to investigate the 

immunohistochemical nature of the unknown neuron populations we used the method of 

anterograde tracing from the mPFC, as well as electrolytic lesion of the same prefrontal 

areas in separate experiments, combined with immunohistochemical identification of 

specific BF neurons. Our results revealed that BDA containing terminals are in close 

proximity with SS containing neurons in the BF areas, more precisely in the SI. Our 

analysis contains mostly qualitative data that I would like to present in the following 

paragraphs. 

 

 

4.2.1 Distribution of BDA labeled axon terminals 

Based on what is already known from the literature, the PrL and IL as well as the 

OF cortices project heavily to BF structures, however the neurotransmitter content of all 

the targeted cells remained unknown. In our experiment we injected these prefrontal areas 

with anterograde trace BDA in order to possibly identify the postsynaptic target of the 

descending axons (Fig. 18). Even though the PrL and IL areas are located relatively close 

to each another, their projection patterns are significantly different.  

 

 

 

 

 

 69



 

 

 

 

 

 

 

 

 

 

Figure 19. Examples of the location of BDA injection sites in the IL of the medial 
PFC (A) and orbitofrontal (B) cortices. Pictures were taken under 4 x magnifications.   

 

4.2.1.1 Projections from the prelimbic cortex 

 

After the anterograde traced BDA was applied to the prelimbic area of the mPFC, 

we could follow the descending projections terminating onto various parts of the brain, 

including BF areas. Labeled fibers coursed forward from the site of injection to distribute 

to the medial orbitofrontal cortex and olfactory structures of the anterior forebrain. Main 

cortical terminal sites were in the anterior PrL and MO of the medial prefrontal cortex, in 

the dorsal and ventral tenia tecta, in the anterior piriform cortex, and anterior olfactory 

nucleus of the olfactory forebrain.  

Further caudally, labeling remained pronounced in PrL and IL. A prominent bundle 

of labeled axons densely innervated the dorsal and ventral agranular insular cortices. 

Labeled fibers descended from the site of injection mainly through dorsomedial aspects of 

the cortex and through the medial striatum, distributing en route to anterior cingulate 

cortex and to dorsomedial parts of caudate-putamen/striatum, respectively, and beyond the 

striatum to the nucleus accumbens, olfactory tubercule, the claustrum and the dorsal 

agranular insular cortex. Unlike pronounced labeling rostrally in the nucleus accumbens, 

there was a virtual absence of labeled fibers in the caudal pole (medial shell). Labeled 

axons swept dorsomedially from the internal capsule into the thalamus to distribute heavily 
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to the thalamic nucleus. A second group took a more ventral course terminating lightly to 

moderately in the lateral hypothalamic area, the claustrum and the basolateral nucleus of 

the amygdala. The SI and the zona incerta were sparsely labeled.  

 

4.2.1.2 Projections from the infralimbic and orbitofrontal cortex 

 

BDA labeled fibers coursed forward from the site of injection to distribute to 

frontal regions of cortex and olfactory structures (Fig. 19/2A-C). Labeled fibers spread 

dorsoventrally throughout the medial wall of medial PFC terminating in the medial frontal 

polar cortex, the rostral prelimbic cortex, and the medial orbital cortex. Significant 

numbers also extended laterally from the medial orbitofrontal cortex to distribute to the 

ventrolateral and lateral orbital cortices. The primary olfactory targets were the anterior 

olfactory nucleus and the dorsally adjacent dorsal tenia tecta, with some extension to the 

ventral tenia tecta. The anterior olfactory nucleus was moderately labeled. Rostrally the 

principal destination of labeled fibers at the site of injection was regions of the cortex and 

olfactory structures.   

Labeled fibers descended from the site of injection primarily through dorsomedial 

aspects of cortex and through the medial putamen/striatum to distribute strongly to 

anterolateral regions of the septum, and less heavily to the olfactory tubercle, ventral 

agranular insular cortex and the endopiriform nucleus. The nucleus accumbens was lightly 

labeled ipsilaterally. Further caudally, labeled fibers, grouped in small bundles, descended 

through the medial striatum, distributing en route to dorsal and ventral parts of medial 

caudate putamen, and beyond the striatum to the lateral septum, the olfactory tubercule, the 

endopiriform nucleus, the posterior agranular insular cortex and the HDB. Labeled axons 

appeared to mainly traverse the medial anterior cingulate cortex bound for caudal regions 

of the basal forebrain. 

At the mid-septum, labeled fibers spread widely over the basal forebrain, strongly 

targeting anterior regions of the bed nucleus of stria terminalis, the SI, HDB and the 

endopiriform nucleus. At the caudal septum, labeling was mainly confined to structures of 

the medial basal forebrain and anterior hypothalamus. Labeled fibers surrounded but did 
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not appear to terminate in the magnocellular preoptic nucleus, while some distributed to 

the medial preoptic nucleus.  

4.2.2 Distribution and quantitative analysis of BDA/SS appositions 

The infralimbic (IL) together with the orbital (OF) cortex is primarily involved in 

affective/visceromotor functions like the orbitofrontal PFC in primates, while PrL and 

adjacent ventral cingulate cortex participates in cognitive/limbic functions, homologues to 

the lateral prefrontal areas of primates (Hoover and Vertes, 2007). The pattern of 

distribution of labeled fibers in the basal forebrain areas with injections in the infralimbic 

(IL) and prelimbic (PrL) cortices were described above. In two cases, one with an injection 

in IL/PrL (Fig 19A) and the other with an injection in OF (Fig 19B), we mapped the BDA 

labeled axons together with the immunohistochemically labeled SS containing neurons in 

the BF areas. We followed the ipsilateral extension of the BDA containing fibers in the 

brain. We found many putative contact sites at the light microscopy level (100x) that were 

further processed for electron microscopic examination (Fig. 20).  
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Figure 20. Distribution of BDA axons and SS-containing neurons in series of 
coronal sections though BF areas. Injection sites are shown in the inset photomicrographs. 
1A: PL; 2A: lateral orbital; 3A: double injections in the same areas as (1) and (2). BDA 
axons in red, SS cell bodies in black; putative contact sites: green triangles. Insets in Figs. 
1B-1C, 2B-2C, 3B-3C shows images from the corresponding sections. Note that BDA 
axons with their varicosities approach SS cell bodies (3B) and dendrites (2B) that are 
suggestive of synaptic contacts.  

 

In our correlated light and electron microscopic studies, DAB was used to label 

somatostatin containing neurons and the silver gold-intensified NiDAB to stain BDA-
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positive structures. At the light microscopic level, BDA fibers and terminals appeared in 

black and were easily differentiated from SS-positive elements that were revealed by 

brown deposits of DAB (Fig. 20). This color difference persisted after osmication and 

plastic embedding of the sections for light microscopy selection for further electron 

microscopy procedures. Furthermore, the presence of the highly electron-dense silver-gold 

grains in the BDA-positive structures made the electron microscopic identification of BDA 

profiles straightforward.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. Representative example for BDA injection and SS double 
immunostaining, showing significant overlapping in the areas of the descending axon 
collaterals and SS containing neurons located in the BF.  

 

 

4x 10x 

20x 20x 

4.2.3 Ultrastructural characteristics of BDA/SS relations 

Prefrontal fibers distribute according to medio-lateral topography in BF areas and 

found frequently in close proximity to SS-containing dendrites and cell bodies. In total 18 
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individual BDA varicosities closely associated with SS profiles were selected for 

ultrastructural analysis. The selection was based on the examination of the putative contact 

sites under 100x with light microscope and the selected assumed synaptic contacts were 

further processed for EM. BDA-labeled terminals were often found in synaptic contact 

with unlabeled dendritic shafts (Fig 22/6B), and entered into synaptic contacts with 

unlabeled spines that were in perisomatic position to SS cell bodies (inset to Fig 22/6C) or 

adjacent to SS dendrites. In the few cases where BDA terminals were adjacent to SS 

dendrites (Fig 22/4B) or SS soma (Fig 22/5B), the identification of synapses was precluded 

by either the presence of dense immunoprecipitate at the contact site (Fig 22/5C) or the 

ultrastructural investigation did not reveal unequivocal signs of synapses.  

After investigating 18 putative contact sites between BDA labeled axon terminals 

and SS containing profiles (cell bodies, small dendrites and spines) no preferential 

relationship was found between the localization of BDA fibers and individual SS neurons.  

Since the distribution of orbitofrontal axons show larger overlap with the bulk of SS cells, 

slightly more contacts were detected in cases #06008 and #06100 than with BDA deposits 

in medial PFC areas. 
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Figure 22. Electron micrograph displays an SS cell body located in the ventral part 
of the ventral pallidum. Inset from the boxed area of panel 4C shows a BDA-labeled 
bouton in close apposition of this SS cell body. However, it seems that this bouton 
synapses with unlabeled spines (black arrows). Electron micrograph of panel 5C displays 
an SS dendrite (heavy DAB reaction) with close apposition of a BDA-axon terminal 
(silver-gold deposit) without clear synaptic specialization. This SS dendrite belongs to a 
neuron located in the ventrolateral border of the ventral pallidum 1A-5A. 4C/5C shows a 
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SS-labeled cell body that is approached by a BDA-labeled terminal. The presence of short 
parallel arrangement of pre-post-junctional membranes may be part of a symmetric 
synapse. Inset of 6A shows a BDA-labeled terminal with asymmetric synapse with an 
unlabeled dendritic shaft. 6C) shows a BDA-labeled terminal adjacent to a SS dendrite. 
The BDA-bouton is in asymmetric synapse with an unlabeled spine.  

 

 

4.3 Distribution of degenerating prefrontal axon terminals and their apposition 

with labeled neurons in the BF 

The axons originating from the PrL/IL tend to project to more medial areas, while 

orbitofrontal axons distribute more caudal and lateral areas in the BF. It has been shown 

that cortical axon terminals synapse with dendritic shafts of PV containing neurons as well 

as with spines of unidentified neurons in the BF (Zaborszky et al., 1997). We 

reinvestigated the prefrontal-BF connection, not only by combining anterograde tracing 

with immunohistochemistry, but by combining lesions in various prefrontal areas and 

immunostaining BF sections for somatostatin (n=18), NPY (n=8), CB (n=3) and CR (n=3).  

 

4.3.1 Electrolytic lesion of the medial prefrontal cortex 

Out of 20 attempt of lesioning the medial prefrontal cortex, we selected 5 cases and 

processed them further for immunohistochemical identification of specific BF neuron 

populations. The low success ratio of the experiments resulted from either the insufficient 

lesions in the mPFC or from the extensive lesion to more anterior areas, especially to the 

anterior olfactory nucleus. A sufficient lesion covered the medial prefrontal cortex, 

including the PrL and IL areas, preferably in layer V (Fig. 23). 
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Figure 23. Two example of successful electrical lesion of the mPFC, in which the 
PrL and IL areas are damaged. Red color indicates the place of the electrode as well as the 
extension of the electrolytic lesion.  

4.3.2 Somatostatin 

After the electrolytic lesion, we processed the tissue for immunohistochemical 

staining for SS. Since we have previously determined the area of the descending axon 

arborization from the prefrontal cortex based on the BDA fibers visualized for light 

microscopy (Fig. 20), we selected 14 SS immunopositive neurons from 3 different animals 

to examine under electron microscope. In the case of the electrolytic lesion, the 

degenerating axon terminals remain unseen under the light microscope and can be only 

visualized under the electron microscope. In the examined blocks selected for further 

processing we always found the immunopositive cell structures for SS as well as 

degenerating axon terminals in the scanned area (Fig. 24). 
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Figure 24. Somatostatin immunopositive profiles in the SI area of the BF. On the upper left 
inset, SS positive neuron is close to another SS axon terminal, while a degenerating axon 
terminates on it, forming a putative synapse. On the lower right inset, degenerating axon 
with round shaped vesicles (putative glutamatergic, excitatory terminal) terminates of SS 
positive dendrite.  

4.3.3 Neuropeptide-Y (NPY) 

After the electrical lesion, we processed the tissue for immunohistochemical 

staining for NPY. Having determined the area of the descending axon arborization from 

the prefrontal cortex, we selected 5 blocks for further processing for electron microscopy. 

Our results have not revealed apparent connection between labeled NPY structures and 
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degenerated axon terminals (Fig. 25), however further investigation on this question might 

be necessary due to the drawbacks of the technique that we used. The 

immunohistochemical labeling of NPY neurons with specific primary antibodies visualizes 

a smaller fraction of NPY neurons, compared to either colchicine treated animals or GFP 

tagged NPY neurons in transgenic animals.  

 

Figure 25. Degenerating axon terminals were found in close proximity with NPY 
immunopositive profiles however they only formed synapses with unlabeled structures.  
Upper left inset shows the degenerating axon terminal in close proximity with the NPY 
immunopositive cell body. Red arrows point to the synaptic connection with unlabeled 
profile. Lower right inset shows a different degenerating axon terminal also in synaptic 
contact (blue arrows) with an unknown profile.  
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4.3.4 Calcium binding proteins - calbindin, calretinin 

Calbindin (n=3) and calretinin (n=3) immunohistochemical staining was also 

carried out on some of the brain sections that undergone electrolytic lesion and were 

further processed for electron microscopy examination and evaluation. After scanning 

through the chosen areas that were known to receive prefrontal input and also contained 

several CB or CR cell bodies, we found no clear interaction between degenerating axons 

and CB or CR containing profiles. However we did found degenerating axon terminals on 

unlabeled structures (Fig. 26). Further analysis of the data might be necessary to 

completely exclude the possibility of the existence of the direct connection.  
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Figure 26. Completely and partially degenerated axons from the prefrontal cortex 
make synapses with unlabeled profile in the BF, in close proximity with CB and CR 
immunopositive profiles (not shown on picture). A) 3D reconstruction of the synaptic 
terminals based on serial sections. B) Electron photomicrograph of the same area showing 
degenerating axon terminals on unlabeled profiles. 
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5 Discussion 

In this thesis, we examined the medial prefrontal cortical input onto basal forebrain 

areas in the rat brain. In our experiments we used a variety of approaches to investigate the 

link between these connected areas. By using various electrophysiological and anatomical 

methods, including electrical stimulation of the mPFC and studying the effect of the 

spontaneous changes of the cortical activity on single BF neurons, as well as anatomical 

track tracing and ultra structural EM studies combined with electrolytic lesion of the 

mPFC, we gained significant fundamental information about the function and structure 

about the relationship between the mPFC and the BF. These findings might serve as an 

important starting point for further, more focused exploration of this connection. 

 

5.1 Electrophysiology 

We analyzed the spontaneous activity of the BF neurons, examined their responses 

to PFC stimulation and during the spontaneously occurring Up and Down states and 

related the electrophysiological characteristics of the examined neurons to the 

morphological features of the labeled cell bodies. 

5.1.1 Correlation between BF unit and cortical activation 

Our results confirmed previous findings regarding the firing pattern and correlation 

of BF unit activity to cortical EEG (Detari et al., 1997a;Detari et al., 1997b;Detari et al., 

1999;Detari, 2000;Zaborszky et al., 1997). Activity in the majority of the recorded neurons 

(50/57) changed its firing in close correlation with cortical EEG. The unit activity of F 

cells (41/50) was strongly correlated to LVFA while S cells (9/50) remained silent or 

decreased their firing rate during fast EEG epochs. 

The existence of such a strong correlation can be explained by either direct or 

indirect anatomical connections between the two areas. Either cortical activation is elicited 

by BF activity, or cortical activation descends from the cortex to apply an affect the 

function of the BF neurons. While it is well known, that ascending projections from the 

brainstem, for example from the stimulation of PPT or tail pinch causes EEG activation 
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through the BF, our experiments were focused on the second pathway. In the case of PFC 

stimulation or the supposedly cortically generated Up states, this pathway can only play 

role, and your experiments were aimed to examine this. 

 

 

5.1.2 Responses to prefrontal stimulation 

The medial PFC in both rats and primates gives rise to an important excitatory 

input to extensive BF regions in which cholinergic neurons are located (Sesack et al., 

1989; Zaborszky et al., 1997), though prefrontal axons exclusively synapse on non-

cholinergic neurons, at least in rats (Zaborszky et al., 1997). Stimulation of the medial 

prefrontal cortex affected 28 F and 8 S cells evoking diverse responses. In slightly less 

than half of the responding F cells (12/28) inhibition was the primary response, while the 

rest of the neurons were excited. In half of these cases, excitation was followed by 

inhibition. Those neurons that showed inhibition as a primary response differed further by 

the duration of their responses, which was either short (around 50 ms) or long (up to 300 

ms). Most of the S cells (6/8) were inhibited by the PFC stimulation, but we also found two 

neurons that showed excitatory responses. It has already been proposed that the group of F 

cells show a higher degree of diversity than the S cells (citation), which is in agreement 

with our results from PFC stimulation as well. 

Despite of the glutamatergic, excitatory nature of the projection, a large proportion 

of primary inhibitory responses were observed following PFC stimulation. This fact 

suggests that part of the cortical input could be relayed by inhibitory interneurons. The 

participation of interneurons is further supported by the long latencies observed in most of 

the responses (30-150 ms).  

The BF contains numerous GABAergic neurons (Gritti et al., 1994) that co-localize 

different neuropeptides including NPY and SS (Zaborszky et al., 1997). NPY and SS 

containing axon terminals were found to reach or even surround cholinergic cells (Duque 

et al., 2000;Zaborszky and Duque, 2000). A subgroup of the inhibitory cells most likely 

consisted of smaller interneurons and was probably hidden from the recording electrode 

due to the sampling bias of the method toward larger projection neurons. We are 
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suggesting that glutamatergic input from the PFC reached local inhibitory interneurons 

(such as NPY and SS), that would be good candidates to induce the observed inhibitions in 

the recorded neurons following PFC stimulation. It is also known that PV containing, 

probably GABAergic neurons receive PFC input (Zaborszky et al., 1997), and hence they 

also may contribute to inhibitory responses evoked by PFC stimulation in BF neurons. 

However, whether or not PFC axons would reach local excitatory or inhibitory 

interneurons (PV and VGlut2) as well raises an additional question to investigate. It has 

been reported that VGlut2 is present in the BF area (Hur and Zaborszky, 2005), also a large 

population of VGlut2-immunoreactive neurons are located primarily in the posterior 

division of the septum (Hajszan et al., 2004). A similar mechanism might explain the 

dependency of results of PFC stimuli on the background activity, observed in the present 

experiments. At last, cortical input could be relayed by inhibitory neurons located outside 

the BF. For example, the nucleus accumbens is an important target of descending 

prefrontal fibers (Gorelova and Yang, 1997). GABAergic cells of this striatal structure in 

turn, innervate cholinergic BF neurons (Zaborszky and Cullinan, 1992). 

Excitatory responses were also recorded following PFC stimulation. As cortical 

input is excitatory, activation could be evoked through direct connections in non-

cholinergic BF neurons or through antidromic invasion in corticopetal neurons. However, 

indirect pathways through excitatory interneurons or by disinhibition could be also 

responsible for the excitatory responses. The possibility of the antidromic activation was 

excluded because the neuronal responses did not meet even the two basic criteria of 

antidromic invasion: constant latency and high frequency following. Latencies of the 

excitatory responses were also relatively long, thus in most cases the indirect connection 

seems to be more probable. 

In a previous paper, Golmayo et al. (Golmayo et al., 2003) found mostly short-

latency (15-20 ms) excitatory responses in BF neurons following stimulation of the 

prefrontal cortex. These findings seem to contradict our results. However, we observed in 

the present experiments that stimulation effects depended on the baseline activity in BF 

neurons. Those neurons that displayed a primary inhibitory response had a significantly 

higher firing rate than those cells, in which the response started with excitation. Baseline 

activities of BF cells were very low in the experiments reported by Golmayo et al. judged 
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by their figures. The depression of firing might have been caused by a deeper level of 

anesthesia that was presented in our experiments, since firing rate has been shown to 

continuously decrease with the deepening of anesthesia (Detari et al., 1997a). The exact 

explanation of the dependency of responses on baseline activity levels is not known, but 

similar observations were made earlier by Detari et al. (Detari et al., 1997a). Higher 

baseline firing rate predestined BF neurons to give smaller excitatory, or even inhibitory 

responses to short train stimulation of brainstem cholinergic (PPT) and serotoninergic 

(dorsal raphe) nuclei that was strongly excitatory at a low background firing rate. PPT 

effect on cholinergic BF neurons has been shown to be relayed by glutamatergic 

mechanisms, as cortical ACh release after PPT stimulation was blocked by BF injection 

of the nonspecific glutamatergic antagonist kynurenate acid, but not by scopolamine 

(Rasmusson et al., 1994). 

Cholinergic neurons correspond to some of the F-type neurons shown earlier in that 

they show increased action potential firing during EEG cortical activation (Duque et al., 

2000;Manns et al., 2000). PV-containing, putative GABAergic neurons, similar to 

cholinergic neurons, had a strong positive correlation with EEG activation, indicating that 

there are also PV cells among the F-cells (Duque et al., 2000). Since GABAergic basalo-

cortical axons were found to terminate exclusively on cortical GABAergic interneurons 

(Freund and Meskenaite, 1992), this finding is compatible with the notion that at least a 

subpopulation of PV-containing basalo-cortical neurons promotes functional activation in 

the cerebral cortex by disinhibition (Jimenez-Capdeville et al., 1997).  

 Using juxtacellular filling, we identified one cholinergic and one PV containing F 

cell. Latency data measured in these cells were in good agreement with the fact that PFC 

input terminates on non-cholinergic neurons (Zaborszky et al., 1997), as in the PV-

containing neuron a short latency (10 ms) excitatory response was seen, while the 

cholinergic cell was inhibited with a latency of about 100 ms.  

Electrical stimulation of the prefrontal cortex or activation of glutamatergic and 

cholinergic receptors led to increased ACh release in neocortical areas (Dringenberg and 

Vanderwolf, 1997;Sarter and Parikh, 2005). These findings seem to contradict to the 

inhibitory response induced by PFC stimulation in the identified cholinergic cell in our 

experiments. However, our stimulation consisted of a short train of three stimuli inducing 
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no generalized changes in EEG, while in the above cited papers more sustained 

stimulation was applied that led to desynchronization of the cortical EEG. The exact 

mechanism by which sustained stimulation caused activation of BF cholinergic cells is 

not known, but it should occur through indirect, polysynaptic pathways as cholinergic 

cells receive no direct innervations from the PFC. 

Following PFC stimulation, clear evoked field potentials were recorded in the 

M1/M2 areas, which were composed of the same waves in all animals. Field potential 

changes started with a sharp wave (50 ms), negative at the deep layers of the cortex, thus 

indicating activation. This wave was followed by a longer positive wave (500 ms). This 

sequence was often followed by a second, slower negative wave. Vanderwolf et al. 

(Vanderwolf et al., 1987) in freely moving animals found cortical evoked responses 

following electrical stimulation of the contralateral sensorimotor cortex that were very 

similar to what we have described in our experiments. However, despite the similar 

sequence of negative and positive curves, durations were considerably longer and 

amplitudes smaller in our recordings. These differences might be explained by the 

presence of the anesthetic in our studies. 

Previous studies suggested that the early component represents summed excitatory 

postsynaptic potentials; while the late component summed inhibitory postsynaptic 

potentials (Vanderwolf et al., 1987). Unit activity changes in the BF following PFC 

stimulation displayed strong correlation with the evoked cortical field potentials. Not all 

components were always present in the neuronal responses; however latency and duration 

of excitatory and inhibitory periods ran parallel with field potential waves. An explanation 

for the very similar time course of the responses would be an excitation-inhibition-

excitation sequence induced by the stimulus in the PFC itself. This activity pattern would 

then reach the neocortical areas and the BF separately and would ensure the similar timing 

of events. However, no important intercortical connection has been described between the 

mPFC and the M1/M2 areas either anatomically or electrophysiologically (Hurley et al., 

1991;Sesack et al., 1989;Vertes, 2004). Therefore, it is highly unlikely that this strong 

correlation between the BF and M1/M2 areas can be explained by this mechanism. In 

contrast, it is well known that the BF provides a topographically organized projection to 

the whole cortical mantle (Zaborszky et al., 1999) thus it is a more reasonable suggestion 
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that BF neuronal changes were primary, evoked by the top-down projection from the PFC 

to the BF. Corticopetal projections from the BF would then induce the cortical responses. 

Similarly strong correlation has been reported between spontaneous neuronal activity in 

the BF and the cortical EEG and was explained by the bottom-up effects ascending from 

the BF to the cortex (Detari et al., 1997a). This observation could also give further support 

for the existence of the prefronto-basalo-cortical circuitry that has been already suggested 

(Zaborszky et al., 1997).  

 

5.1.3 BF unit activity and cortical Up and Down states 

Even in the absence of sensory stimulation, the neocortex shows complex 

spontaneous activity patterns, often consisting of alternating Up states of massive, 

persistent network activity and Down states of generalized neural silence (Luczak et al., 

2007;Steriade, 1993). The dynamics of spontaneous Up states show striking similarities to 

those of sensory-evoked activity (Kenet et al., 2003), suggesting that spontaneous patterns 

may be a useful experimental model for the flow of activity through cortical circuits. The 

way spontaneous activity propagates through cortical populations is unclear: whereas in 

vivo optical imaging results suggest a random and unstructured process (Kerr, 2005), in 

vitro models suggest a more complex picture involving local sequential organization and/or 

traveling waves (Cossart et al., 2003;Ikegaya et al., 2004;Mao et al., 2001;Sanchez-Vives 

and McCormick, 2000;Shu et al., 2003;Yuste et al., 2005). 

Cortical Up and Down states appear in sleep and under anesthesia but not during 

normal wakefulness. It has been proposed that Up and Down states are generated 

throughout the entire neocortex that receives afferents from various subcortical areas, 

including the BF. However based on an electron microscopy study, the prefrontal cortex 

was shown to be the only cortical area that sends projections back to the BF (Zaborszky et 

al., 1997). Since Up states can be considered as a more natural input that reaches 

subcortical areas, compared to the artificial electrical stimulation of a restricted area in our 

experiments, we aimed to test how the activity of the cortex influences the BF.  

BF neurons based on their spontaneous activity show heterogeneous responses the 

PFC stimulation as discussed earlier, perhaps reflecting their diversity of their 
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neurotransmitters. In the next step of our analysis, we used the same experimental setup 

described earlier to determine the temporal relationship between cortical Up and Down 

states and the BF unit activity. Prior to the electrical simulation, spontaneous activity of the 

EEG and BF unit activity was recorded for 5-10 minutes. Although the spontaneous 

discharge pattern may change under varying physiological and pathological conditions, 

during this time, the level of anesthesia was deep enough that cortical Up and Down states 

were clearly recognizable in the ECoG.  

The importance of our results comes from the fact, that while recording the activity 

of one single neuron in the BF we were able to examine the effect of various stimulations, 

including noxious stimulation of tail pinching, electrical stimulation of a well localized 

area in the mPFC as well as the effects of cortical Up and Down states. Our findings imply 

that even though different input may converge onto the same neurons, their effect results in 

various responses in the activity of the given cell. In other words, the groups of neurons 

that might show clear and similar responses to one kind of stimulus would reveal a 

completely different kind of response to different stimulus. 

The most straightforward way to examine the activity of a neuron is to investigate 

the changes of their firing rates. We found a significant correlation between averaged BF 

unit firing and spontaneous ECoG Up and Down state transitions. About 43.1% of cells 

(22 out of 51) significantly increased their firing rate preferentially on the depth-negative 

phase of the cortical EEG indicating Up states (Up state-on cells). A smaller group of cells 

(6 out of 51, 11.7%) decreased or ceased firing on the depth-negative phase of EEG, that 

produced a significant inhibitory response (Up state-off cells). These neurons were active 

only in Down states and were almost always completely silent during Up states. The rest of 

the analyzed neurons (23 out of 51; 45.2%) showed no significant temporal correlation 

with Up or Down states.  In comparison, we found that within the group of Up state-on 

neurons (n=22) 14 was identified as F cells, 1 as an S cell and 7 were not grouped either. 

The same analysis was carried out for Up state-off cells (n=6) as well, and we found 4 

neurons to fall into the category of F cells and 2 to be S cells. It is important to note here 

that there is a great diversity among F- and S-cells in terms of conduction velocity, 

spontaneous and evoked neuronal activity, and in terms of correlation between EEG and 

 89



unit activity, indicating that F- or S-cells are far from being a homogeneous cell population 

(Detari, 2000).  

We found that the initial firing rates of Up state-on and Up state-off cells in the BF 

was found to be significantly different. Since these groups of neurons displayed different, 

often opposite responses to not only ascending (tail pinch) or descending (prefrontal) 

stimulus, it suggests that the prevalent state of activity of neurons may be important in 

determining or predict their response. 

 Several studies revealed correlation between neuronal morphology and 

electrophysiological properties in different brain areas (Sim and Allen, 1998;Uusisaari et 

al., 2007;Washburn and Moises, 1992), while others claimed that no reliable anatomical 

criteria can be defined to distinguish certain neurotransmitter groups (Likhtik et al., 

2006;Margolis et al., 2006).  

In vivo extracellular recordings combined with juxtacellular labeling permitted 

further morphological and chemical characterization of neurons in relation to well defined 

EEG epochs. 

We were able to confirm significant anatomical and electrophysiological 

differences not only between Up state-on and Up state-off neurons but compared to non-

correlated cells as well. We found that the spike width of the Up state-on neurons was 

significantly narrower (1.6±0.09 ms) than the same parameter of the Up state-off neurons 

(2.15±0.25ms). In addition, the spike amplitude of these groups showed also significant 

differences (Up state-on neuron had a significantly larger (181.0±18.66µV) amplitudes, 

compared to Up state-off (135.9±9.68µV) or non-correlated neurons (130.0±6.24 µV)). 

These results, in accordance with our morphological findings about the labeled neurons 

(Up state-on cells displayed a larger diameter, resulting in a bigger neuron size), suggest 

that the neuron population of the Up state-on cells might represented by an anatomically 

more uniform population, containing larger neurons than the Up state-off or non-correlated 

cells. 

Due to the small number of immunohistochemically identified neurons, we were 

unable to draw any conclusions concerning the relationship of the electrophysiological 

properties - such as spike shape or response for a given stimulus – and the neurotransmitter 

content of the recorded cells. However, our findings revealed a significant correlation 
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between spike shape, response to PFC stimulus and neuronal soma shape suggesting that, 

by increasing the number of identified neurons, it might be possible to establish criteria 

that would allow the reliable classification of neurons after careful electrophysiological 

analysis.  

The electrophysiological diversity of the recorded neurons based on their 

spontaneous activity and responses to the PFC stimulation reflect the existence of different 

BF cell types that receive direct or indirect prefrontal input. Unfortunately, we were able to 

identify only very few neurons immunohistochemically, preventing us to determine 

whether or not the different electrophysiological categories correspond to different cell 

types or different functional states.  

 

5.1.4 Various categorization of BF neurons in relation to cortical activity 

Previously, several groups have established different categorization of BF neurons, 

based on their correlation to natural sleep rhythms (Jones, 2004), ascending input from the 

brain stem (Detari et al., 1997b;Dringenberg and Vanderwolf, 1997), their relationship to 

medial prefrontal stimulation (Gyengesi et al., 2008;Manns et al., 2000;Nunez, 1996). 

Jones at al (2004) described 13 different groups of BF neurons based on their 

correlation to natural sleep waves.  They concluded that there is a relationship of spike rate 

to gamma, delta, and theta EEG activity and to electromyogram amplitude that was 

examined across epochs and states for each unit by simple correlations. Functional sets of 

cell groups were inferred by the correlations between unit discharge rate and various EEG 

activities.  

Based on the changes of BF unit firing rate in correlation with somatosensory 

stimulation of the cortex in urethane anesthesia Manns et al (2000) established two major 

categories. These were named “on” and “off” cells. Stimulation resulted in 

desynchronization of the EEG. They further investigated the electrophysiological and 

anatomical properties of identified GAD and ChAT positive neurons after somatosensory 

stimulation. Their results about cell size indicated mostly bigger (> 15um) and are in 

agreement with our finding, that the largest diameter of the up state-on cells were 

significantly bigger. Based on their investigations, several subpopulations of GAD+ cells 

 91



emerged. One was categorized as “off” and tonically discharging cells, meaning they 

decreased their firing rate significantly with somatosensory stimulation. The largest 

subgroup (40%) was “on” and tonic firing, amongst which several could be antidromically 

driven from the prefrontal cortex. The second largest group was “off”, tonic firing, not 

driven antidromically from the medial prefrontal cortex. Their findings also suggest that 

inhibited neurons from the PFC are not directly/monosynaptically connected, however, 

”on” cells could be connected directly to the mPFC through monosynaptic anatomical 

connection. 

Golmayo et al (2003) also confirmed that a subpopulation of BF neurons responded 

to electrical stimulation of either the visual- or the somatosensory-responsive PFC areas. 

The responsive neurons were located in the VP, in the SI and in dorsal part of the HDB 

areas. Some of BF neurons were orthodromically driven from PF areas that receive inputs 

from somatosensory and visual cortex (Golmayo et al., 2003).  

Nunez (1996) separated two neuronal populations in the BF that have different 

discharge patterns during desynchronized and synchronized EEG periods. One of them, 

called bursting type expressed rhythmic firing, while the other showed tonic firing during 

synchronized EEG. The correlation of these two different types of neurons has been 

investigated to cortical slow oscillation, and concluded that bursting neurons may be 

included in the slow oscillation network that is activated during behavioral states when 

many parts of the brain are isolated from outside sensory stimuli. In this paper, Nunez 

suggested that the rhythmic activity of bursting BF neurons may be commanded by the 

medial prefrontal cortex, although some intrinsic properties of BF neurons could probably 

also distribute to the generation of the cortical slow oscillation. In addition, there were also 

neurons observed whose activities remain unchanged despite EEG cortical changes 

(Nunez, 1996). 

In agreement with our results, in addition to neurons that increased their firing 

during cortical activation, several studies described the presence of a small number of BF 

cells that reduced their firing during EEG activation (Detari et al., 1997a;Manns et al., 

2000). Szymusiak and McGinty (1989) described some projecting BF cells in cat that 

increased their discharge in anticipation of non-REM sleep onset. These ‘sleep active’ 

neurons in cats were antidromically driven from the external capsule and cingulate bundle, 
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and were tentatively identified as either cholinergic (Manns et al., 2000;Szymusiak and 

McGinty, 1986) or GABAergic neurons (Manns et al., 2000;McGinty and Szymusiak, 

1990). Several functionally S-type cells were stained positively for NPY (Duque et al., 

2000). Reconstruction of NPY neurons suggests that they represent either local or 

projection neurons towards the thalamus (Duque et al., 2007). Both local and projection 

NPY neurons are silent during spontaneous or tail pinch induced desynchronization, but 

become accelerated during episodes of cortical delta oscillations.  

In deeper anesthesia, in which deep-positive inactive periods and short activations 

riding on deep-negative deflections alternate at a rate < 1 Hz (corresponding to Up and 

Down states of present study), cholinergic, PV and NPY neurons showed increased firing 

with 50-200 msec delay, suggesting that under this condition cortical activations may be 

transmitted via descending corticofugal fibers to the BF.  On the other hand,  under light 

anesthesia, in which periods with low-voltage fast activity alternate with epochs of slow 

waves at a frequency of 0.1-0.3 Hz, change in the firing of cholinergic and PV-containing 

neurons preceded the change in EEG pattern, suggesting that these BF cells could 

contribute to this EEG pattern (Duque et al., 2000). 

 

 

5.2 Anatomical connection of the mPFC and the BF  

 

The medial prefrontal cortex has been associated with diverse functions including 

attention processes, visceromotor activity, decision making, goal-directed behavior and 

working memory. With the exception of a few common target areas such as the 

orbitomedial prefrontal cortex, olfactory forebrain and midline thalamus, the infralimbic 

and prelimbic areas of the medial prefrontal cortex project to different areas throughout the 

brain.  

In our experiments, we focused on the IL and PrL areas of the mPFC project 

heavily towards the BF giving rise to axonal varicosities in various areas of BF including 

the MS, VP, HDB/VDB, SI, and peripallidal regions (Vertes, 2004). Our results revealed 

that the BF receives dense projection from the prefrontal cortex, especially from the PrL 

and OF areas that project heavily to the medial BF areas, including the SI and HDB. 
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These areas contain cell types that differ in transmitter content, morphology, and 

projection pattern. Cholinergic projection neurons represent only about 20% of the total 

cell population in these forebrain areas, and anatomical and electrophysiological studies 

identified a high diversity of BF neurons, including local  neurons that express NPY and 

Somatostatin (SS), in addition to cholinergic, GABAergic and glutamatergic projection 

neurons (Duque et al., 2000;Gritti et al., 2006;Hur and Zaborszky, 2005;Jones, 2008;Lee et 

al., 2005;Manns et al., 2000;Szymusiak et al., 2000;Zaborszky et al., 1999;Zaborszky and 

Duque, 2000). Neurons in these areas also contain various calcium-binding proteins, 

including CB, PV and CR. Cholinergic, CB, CR and PV cells represent non-overlapping 

populations of neurons in rat and they show specific spatial and numerical relations in the 

various BF areas (Zaborszky et al., 2005).  A substantial proportion of PV cells contain 

GABA and project to the cerebral cortex (Gritti et al., 2003). A small percentage of CB 

and CR cells also project to the cortex (Zaborszky et al., 1999), although their transmitter 

content remains to be determined.  

In previous EM studies Zaborszky et al found extensive axon arborization adjacent 

to cholinergic neurons. However, synaptic terminals from the PFC were established 

exclusively with non-cholinergic neurons, including PV containing projection cells 

(Zaborszky et al., 1997). Further investigation of the same material revealed that besides 

mPFC axons terminating on labeled PV profiles, including dendrites and dendritic shafts, 

unlabeled structures in the BF also seemed to receive prefrontal terminals. 

Our electrical stimulation results of the prefrontal areas indicated that more than 

half of the responsive units in the BF expressed inhibitory responses, which suggested that 

mostly local inhibitory interneurons maybe recipients of prefrontal input. Somatostatin 

(SS) and neuropeptide Y (NPY) are two peptides that are expressed in BF inhibitory 

interneurons that innervate cholinergic neurons (Zaborszky and Duque, 2000), emerged to 

be good candidates for delivering input from the mPFC to the BF cholinergic cell 

population.  

To examine the possible PFC input to these interneurons, we carried out combined 

LM and EM studies. The paraformaldehyde-glutaraldehyde-picric acid containing fixative 

should give satisfactory results for both LM and EM procedures. However, while we found 

the injected BDA in an extended arborization of fibers, the number of labeled SS-
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containing neurons, especially in the BF areas, was lower than expected based on earlier 

studies (Zaborszky and Duque, 2000).  Therefore, we decided to use different fixatives for 

the LM and EM processes. With an acrolein containing fixative, the number of the visible 

SS-containing neurons increased, but, unfortunately, labeling for the BDA turned out to be 

very poor and in some cases disappeared completely, which made the combination of these 

two labeling technique fairly difficult. 

Using BDA as an anterograde tracer, we injected three different sites of the mPFC 

using iontophoresis. While BDA can be used either as an anterograde or as a retrograde 

tracer, using iontophoresis resulted in satisfactory results of anterograde track tracing, 

avoiding the labeling of retrograde neurons in various interconnected parts of the brain. 

Those cases where retrogradely labeled neurons appeared in any parts of the brain were 

eliminated from further analysis. 

After mapping the descending fibers from the IL, PrL or OF areas of the PFC, we 

found that mPFC innervate mostly the medial parts of the BF, such as MS, VP, 

HDB/VDB, SI, and peripallidal regions. To decide whether or not mPFC axons converge 

onto SS containing neurons in the BF, we examined the synaptic input of the SS neurons in 

the medial BF areas under electron microscope. Within the above mentioned regions, we 

examined every SS containing profiles in plastic embedded sections and processed further 

those that revealed putative contact sites under 100x magnification of light microscopy. 

Out of the 18 examined putative synaptic contacts, we could not identify clear synapses 

between BDA containing terminals and SS-labeled profiles in the BF. Since the sample 

size was relatively high in this portion of the experiment, we should conclude that 

prefrontal fibers probably do not reach to SS containing cell bodies or dendrites directly in 

the BF areas. However, one of the disadvantages of using immunohistochemical staining 

methods is the unreliability regarding the depth of the penetration of the antibody used 

against SS. Since previously unlabeled dendritic shafts and spines were described to 

receive direct medial prefrontal input, it is not unimaginable that those profiles remained 

unlabeled and hidden in our experiments as well. 

To eliminate the problem of the incompatibility of using BDA as an anterograde 

tracer and acrolein as a fixative, that in turn increased the labeled SS containing neurons, in 

the next step, we chose to use electrolytic lesions in the medial PFC and to look for 
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degenerated axon terminals on SS-, NPY-, CB-, and CR-positive neurons in the basal 

forebrain under EM. In this way, we could use the acrolein containing fixative, and 

avoided the tracer injection as well as the double immohistochemistry. In addition, using 

acrolein revealed significantly higher number of SS stained neurons throughout the brain. 

Since degenerating axon terminals cannot be seen under LM without further staining 

procedures, in addition to the EM studies, an attempt was also made to visualize 

degenerated axons to BF areas under the LM by using the silver impregnation protocol 

described by Zaborszky and Gallyas (Gallyas et al., 1980a;Gallyas et al., 1980b). After 

silver impregnations, our results revealed that the distribution of the degenerating axon 

terminals is in accordance with the distribution of the BDA labeled terminals and are in 

close proximity with NPY and SS neurons in the BF.  

From the plastic embedded sections that were stained for various histological 

markers, we selected neurons from the areas of the BF that contained possibly the most 

concentrated innervations of mPFC axons, based on our light microscopy studies. We 

selected 14 SS, 5 NPY, 3CB and 3 CR neurons and processed further for EM investigation. 

After evaluating the EM photographs taken with high magnification of the given neurons 

and dendrites, we found no compelling evidence that degenerating axon from the mPFC 

would converge on these neurons. Since the sample size in the case of NPY, CB and CR 

neurons is not high enough to draw a final conclusion. However, together with the BDA 

tracing data we can conclude that the SS containing cell bodies in the BF probably do not 

receive direct prefrontal input. Our studies suggest that the prefrontal effect on BF 

cholinergic function may not be mediated by SS neurons. Further investigation of other 

neuron population is needed to decide about the case of NPY, CB and CR.   

In spite of the various methods that we used and the high number of putative 

contact sites examined with electron microscope, we were unable to identify the exact 

postsynaptic target of degenerating terminals or BDA containing axons that had obvious 

synaptic connection with unlabeled dendritic shafts and spines in the BF. The shaft 

synapses may correspond to the synaptic terminals on PV dendrites as reported earlier; 

however, the nature of spine synapses needs further investigations. Due to technical 

limitations of these methods we could not identify if the same neurons that receive shaft 

synapse receive also input to their spines or the spiny cells represent a separate cell types. 
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If the spines belong to non-PV cells then the effect of prefrontal input could be different 

according to the postsynaptic target: cortical excitatory axons can invade the somatic 

regions along the thick dendritic segments without attenuation in PV cells, while synapses 

on spines may have smaller effect. 

 

5.3 Prefrontal-Basal Forebrain-Cortical Loop 

Our anatomical and electrophysiological studies raise the possibility that the basal 

forebrain may actively participate in the prefronto-basalo-cortical circuitry via its input 

from the prefrontal cortex and its output to distributed, functionally-related cortical areas. 

This hypothesis is based upon a) the strict topography in cortico-prefrontal (Ongur and 

Price, 2000;Zaborszky et al., 1999), b) prefrontal-basal forebrain (Sesack et al., 

1989;Zaborszky et al., 1997) c) basal forebrain-cortical projections and d) the close spatial 

relationship among basal forebrain cells that project to the prefrontal cortex.  

Our finding confirmed a close correlation between the BF unit activities and 

desynchronized and synchronized EEG epochs that supports the notion that BF cholinergic 

neurons play a considerable role in the desynchronization of the cortical activity (Balatoni 

and Detari, 2003;Detari, 2000;Detari et al., 1999;Detari et al., 1997a;Duque et al., 

2000;Szentgyorgyi et al., 2006). On the other hand, the temporal correlation between the 

BF and cortical Up and Down states supports the idea of the descending information back 

to the BF through the medial prefrontal cortex. Since it was already known that the 

generation of cortical Up and Down states is independent from other subcortical areas, it 

was not unexpected to find that the formation of cortical Up state always precedes the 

changes of BF activity. However, that both the excitatory and the inhibitory changes of BF 

single unit activity are modulated by the alteration of cortical Up and Down states proved 

to be a novelty. In addition, electric stimulation of the medial prefrontal cortex also 

supported the existence of a functional connection between the BF and the mPFC. 

Interestingly, despite the excitatory (presumably glutamatergic) nature of the prefrontal 

input to the BF, we also found significant inhibitory responses in correlation to both the 

mPFC stimulation and the cortical Up and Down states, which suggests that a significant 

portion of the medial prefrontal input terminates on inhibitory interneurons in the BF.  
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Thus, by examining the anatomical target of the prefrontal axons in the BF, tried to 

identify what type of neurons receive direct input. By using various methods we excluded 

the SS containing neurons, however, stating the final conclusion about various other 

neuropeptides and calcium binding protein containing neurons is still left to complete. An 

interesting addition to our speculation is the involvement of local, glutamatergic neurons in 

the circuitry.  
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6 Conclusions 
6.1 Electrophysiological properties of the connection between the PFC and the 

BF  

From acute, in vivo experiments on urethane anesthetized rats we found the 

following results: 

1. A certain neuron population of the BF is significantly correlated with low voltage 

fast activity (LVFA) in urethane narcosis in rats, while a different, smaller group of 

BF neurons are in strong correlation with cortical slow waves (SWS).   

2. The spontaneous as well as the stimulus evoked changes of cortical activity result 

in changes of the activity levels of BF neurons.  

3. The electrical stimulation of the mPFC affects the firing properties of single BF 

neurons. Based on the response for the stimulation of the medial PFC, BF neurons 

could be further categorized and differentiated. We found two basic responses for 

mPFC stimulation: excitatory and inhibitory.  

4. A well categorized group of neurons of the BF are significantly associated with 

spontaneous cortical Up and Down states which does not necessarily overlap with 

previous categorizations. 

5. Based on the three criteria, correlation with LVFA and SWS, effects of electrical 

stimulation of the mPFC, correlation with spontaneously occurring cortical Up and 

Down states, we found that it might be possible that the descending information 

from the cortex and the ascending pathways from the brainstem can converge onto 

the same neurons in the BF.  

6.2 Anatomical properties of the prefrontal-basal forebrain connection 

 

1. It is conformed that the BF areas defined by the localization of corticopetal 

cholinergic neurons, receive massive, putative excitatory input from the mPFC.  
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2. Based on our anatomical results we can conclude that the interneuron population 

that receives direct input from the mPCF is not likely to be SS.  The neurochemical 

nature of the unlabeled spiny neuron population needs to be identified. 
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8 Abstract in English 

Structural and functional relationship between the basal forebrain and the 

medial prefrontal cortex 

 

The BF has been intensively studied because of its connection with physiological 

processes such as the sleep-wake cycle regulation, circadian rhythm, learning and memory 

consolidation. The BF sends abundant innervations to many parts of the brain, including 

the neocortex and receives numerous inputs from other brain areas; however the prefrontal 

cortex (PFC) is the only cortical area that sends direct projections back the BF from the 

higher cortical regions.  Consequently, the prefrontal cortical input to the BF represents an 

extraordinary and influential link has not been extensively studied.  

This thesis was aimed to examine the functional and anatomical connection 

between PFC and the BF by using electrophysiological and anatomical methods. We found 

that the activity of single neurons in the BF is strongly connected to the spontaneous 

activity of the neocortex. More over, we identified several subpopulation of BF neurons 

that were positively or negatively correlated with the electrical stimulation of the mPFC. 

Using cortical Up and Down states, as a more natural descending stimulus from the cortex, 

we found a group of neurons that showed significant excitation during Up states, while a 

smaller, yet well defined group of cells showed inhibition. Given the fact that the 

descending axons from the PFC are known to be excitatory, we are suggesting that the 

prefrontal input is terminating on local interneurons that might be connected to the 

cortically projecting cholinergic BF neurons. This hypothesis would provide an indirect 

connection between the mPFC and the basal forebrain cholinergic system. 

 In the second part of our experiments, we focused on the clarification of the 

anatomical connection between the basal forebrain and the medial prefrontal cortex. By 

using anterograde tracing or electrical lesion combined with immunohistochemical 

labeling, an effort was made to visualize and identify the anatomical connection between 

the medial prefrontal cortex and certain neuron populations in the BF.  
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9 Abstract in Hungarian 

A bazális előagy és a prefrontális kéreg anatómiai és funkcionális kapcsolata 

A bazális előagy szerepét számos élettani működéssel, mint például az alvás 

ébrenlét ciklus szabályozásával, a napi ritmussal, a tanulással, az emlékezéssel 

kapcsolatban már hosszú idő óta tanulmányozzák. A bazális előagy az agy számos területét 

ellátja beidegzéssel, kapcsolatot teremtve ezzel az egymástól anatómiailag távol 

elhelyezkedő részek között. Az egyik legprominensebb kimenete az agykéreg, melynek 

majdnem az egészét ellátja serkentő bemenettel, azonban a kéregből a bazális előagyra 

csak egy terület küld axonokat, mégpedig a prefrontális kéreg.  

 A bazális előagy és a medialis prefrontális kéreg anatómiai és működésbeli 

kapcsolatának vizsgálatát különböző elektrofiziológiai és anatómiai módszerek 

segítségével valósítottuk meg. A kísérleteink első részében a bazális előagy és az agykéreg 

kapcsolatát vizsgáltuk elektrofiziológiai módszerekkel, párhuzamosan regisztrálva a kéreg 

működését (EEG), valamint egy sejt aktivitását a bazális előagyban in vivo, urethannal 

altatott patkányon. Az alapjelenségek leírása után megvizsgáltuk a prefrontális kéreg 

stimulációjának hatását mind a bazális előagyi sejtek, mind pedig a kéreg aktivitásával. 

Ezek alapján azt találtuk, hogy a bazális előagyi sejtek különböző csoportokra oszthatóak a 

kérgi leszálló pályán érkező stimulációra adott válaszaik alapján. A következő lépésként 

megvizsgáltuk a bazális előagyi sejtek kapcsolatát a lassú kérgi ritmussal. Ezen 

eredmények alapján a sejtek további csoportjait különíthettük el, melyek azonban nem 

feltétlenül fedtek át egymással.  

Az elektrofiziológiai különbségek alapján elkülönített bazális előagyi sejtcsoportok 

direkt vagy indirekt bemenetet kapnak a prefrontális kéreg felől. Anatómiai pályajelöléses 

módszerek és immunohisztokémiai festés kombinálásával megpróbáltuk felderíteni a két 

terület kapcsolatatrendszerét. Mint már ismert, a bazális előagyi kolinerg sejtek nem 

kapnak direkt bemenetet a prefrontalis kéreg felől, viszont közvetett módon a PV vagy 

esetleg a SS-t vagy NPY-t tartalmazó sejtpopuláció közvetítheti a kéreg felől érkező 

információt. Eredményeink alapján nem kizárt hogy akár a SS-, akár a NPY-tartalmú 

sejtek fontos szerepet játszanak a kéreg felől leszálló információ továbbításában a kolinerg 

sejtek felé.  
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