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Abstract
The basal forebrain (BF) contains a heterogeneous population of cholinergic and non-cholinergic
corticopetal neurons and interneurons. Neurons firing at a higher rate during fast cortical EEG activity
(f > 16Hz) were called F-cells, while neurons that increase their firing rate during high-amplitude
slow-cortical waves (f < 4Hz) were categorized as S-cells. The prefrontal cortex (PFC) projects
heavily to the BF, although little is know how it affects the firing of BF units. In this study, we
investigated the effect of stimulation of the medial PFC on the firing rate of BF neurons (n=57) that
were subsequently labeled by biocytin using juxtacellular filling (n=22). BF units were categorized
in relation to tail-pinch induced and spontaneous EEG changes. Electrical stimulation of the medial
PFC led to responses in 28 out of 41 F cells and in 8 out of 9 S cells. Within the sample of responsive
F cells, 57% showed excitation (n=8) or excitation followed by inhibitory period (n=8). The
remaining F cells expressed a short (n=6) or long inhibitory (n=6) response. In contrast, 75% of the
recorded S cells (n=9) reduced their firing after prefrontal stimulation. Among the F-cells, we
recovered one cholinergic neuron and one parvalbumin-containing neuron using juxtacellular filling
and subsequent immunocytochemistry. While the PV cell displayed short latency facilitation, the
cholinergic cell showed significant inhibition with much longer latency in response to the prefrontal
stimulus. This is in agreement with previous anatomical data showing that prefrontal projections
directly target mostly non-cholinergic cells, including GABAergic neurons.
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1. Introduction
The basal forebrain (BF) is located at the medial and ventral part of the cerebral hemispheres.
This area, including the medial septum, diagonal band nuclei, substantia innominata, pallidal
(ventral pallidum, globus pallidus), and peripallidal regions, contains a heterogeneous
population of neurons regarding their neurotransmitter content, morphology and projection
pattern [1-4]. Among its cell populations, the cholinergic corticopetal projection neurons have
received particular attention due to their loss or metabolic down regulation in Alzheimer’s and
related disorders [5-8]. Cholinergic neurons in the BF provide the major extrinsic source of
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acetylcholine (ACh) to the cerebral cortex. 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 [9-11]. Cholinergic neurons are co-distributed with several
other cell populations, including various calcium binding protein containing cells (e.g.
calbindin, calretinin, parvalbumin), glutamatergic and GABAergic neurons [12-17]. Tracing
studies using electron microscopy have identified synapses on BF neurons originating in the
brainstem, hypothalamus, amygdala, substantia nigra-ventral tegmental area, striatum and the
prefrontal cortex [2;16;18-23].

Experiments in animals, including primates [24;25], and human imaging studies [26-30]
suggest the involvement of the prefrontal cortex (PFC) in higher cognitive functions, including
planning, working memory and attention. Lesions in the BF, in experimental animals, resulted
in attention deficits [31;32] and pharmacological manipulation in the PFC resulted in altered
ACh efflux in posterior cortical areas [11;33-35], suggesting that a prefrontal-basalo-cortical
circuitry may participate in the modulation of sensory processing.

Considerable amount of evidence has been accumulated on the functional heterogeneity of the
PFC in rodents and primates [36]. The PFC is generally defined as that part of the frontal cortex
that has reciprocal connection with the mediodorsal thalamic nucleus [37-40] and receives
dense dopaminergic input from the ventral tegmental area [16;37;41-44]. In rodents, the PFC
can be partitioned into medial, lateral and ventral or orbital subdivisions. The medial parts
comprise the medial precentral area (Prc or M2), the anterior cingulate (Cg), the prelimbic (PL)
and infralimbic areas (IL). The ventral areas encompass the medial, ventral, ventrolateral and
lateral orbital areas, whereas the lateral subdivisions include the ventral and dorsal agranular
insular areas. While the medial precentral and cingulate cortices project only with occasional
fibers towards BF areas, the PL, IL and orbitofrontal areas give rise to relatively strong
projections that pass through in a medio-lateral topography through BF areas rich in cholinergic
neurons [19;45;46]. However, according to an electron microscopic study, prefrontal axons
terminate exclusively on non-cholinergic neurons, including parvalbumin-containing cells
[20].

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 an 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 decreased their firing rate during LVFA [47-50]. In vivo extracellular recording with
subsequent juxtacellular labeling and immunocytochemistry permitted further characterization
of BF neurons [14;51;52]. Cholinergic neurons correspond to some of the F cells, however,
according to our study, PV-containing, putative GABAergic neurons also belonged to the F
category [51]. 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
find out what is the functional effect of prefrontal stimulation on BF unit firing. Except one
study, that investigated with electrophysiological methods the connection between the
dorsomedial part of the PFC (Cg/M2) and BF [54], no data are available how more ventral
parts of the PFC affect BF units. In this paper, we investigated the connection between BF and
prefrontal areas using stimulation in PL/IL areas and recording single unit activity in the BF
during EEG monitoring followed by juxtacellular labeling of the recorded neurons. Also, an
attempt was made to immunohistochemically identify the juxtacellularly labeled cells. BF units
were categorized in relation to tail-pinched induced and spontaneous EEG changes.
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2. Experimental Procedure
Animal preparation

Experiments were performed on 31 Wistar male rats 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 at the cranial
incision and ear canals. Supplementary doses of urethane (additional 10% of the original
dosage) were also given when slow wave cortical activity appeared to be 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 animals’ discomfort.

Electrode placement, electrophysiological recording and stimulation
Electrocortical activity (EEG) was recorded by a transcortical bipolar electrode (Teflon
insulated stainless steel) (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 was reached
1.5 mm below the cortical surface. EEG was filtered between 0.1-100 Hz amplified and
sampled at 200Hz. Following craniotomy single unit activity from BF neurons was recorded
with glass capillary microelectrode (OD=2mm x ID=1.12, World Precision Instruments,
Sarasota, FL, USA) pulled by a vertical puller (Narishige PE-2, Tokyo, Japan) resulted in a tip
size 0.5-2μm. The electrode was filled up with 1.5-3% Biocytin (Sigma-Aldrich, Schelldorf,
Germany) diluted in 0.5 M NaCl solution resulting in a tip resistance between 10-25MΩ. The
electrode was positioned 1.4 mm posterior from the Bregma, 2.5-3 mm lateral and lowered 6
mm from the surface of the cortex after dura had been removed. Then advanced slowly
(approximately 20-30 μm/min) using a piezo-electronic positioner (Burleigh 6000 ULN,
Quebec, Canada). Unit activity was filtered between 300Hz-10 kHz and sampled at 30 kHz.

Prefrontal cortex (A: + 3.2mm, L: ± 0.5mm, D: 4mm) was stimulated with square-wave train
pulses (A=0.5-1.5 mA; duration=0.3 msec; f=300Hz; n=3) delivered by a Grass stimulator
(Grass Technologies, West Warwick, RI, USA) stimulator through a bipolar stimulating
electrode (d=0.5 mm, stainless steel). The delay between two stimulations was about 3-5 sec
in our experiments, though we randomized the process to avoid interference with the possible
regular activity in the cortical EEG (slow cortical rhythm) and the unit activity.

Following a 5-minute baseline recording three series of 35 stimulus trains were given at
different intensities (0.5-1.5 mA). After the stimulation was completed, an attempt was made
to label the recorded neurons using the juxtacellular filling method described by Pinault [53].
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).

Perfusion, tissue processing and immunohistochemical staining
Rats were perfused transcardially with 50 ml PBS at room temperature followed by 400 ml
cold 4% paraformaldehyde diluted in 0.1 M PBS (pH 7.4). The brain was removed from the
skull and postfixed 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.
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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 parvalbumin (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 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-parvalbumin (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 then rinsed two times in PBS and once in
Tris-buffer (TBS, pH 7.4) and then 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 then 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 the electrode tracks.

Data analysis
Baseline spike trains (5-10 min) were analyzed (Spike and Origin 6.0 software) to obtain mean
firing rate, 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 qualities of spike shape have 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. Results
Electrophysiology and PFC stimulation

A total of 57 neurons in the BF were studied, whereof 41 (72%) increased discharge rate when
LVFA was present in the cortical EEG (F cells) and 9 (15%) showed increased firing rate
during SWA. Also we found a group of cells (13%) that showed no correlation with any EEG
pattern. We categorized neurons as F or S cells based on their response to tail pinch (TP)
stimulation. Units were characterized as F cells if their activity increased due to TP stimulation,
in contrast, the activity of S cells decreased following TP stimulation (Fig. 1). F cells
significantly increased their firing rate due to tail pinch from 5.5 Hz±4.07 Hz to 8.4±5.41 Hz
(p≤0,05; n=41). In S cells, the average firing rate significantly decreased from 7.9± 1.5 Hz to
5.8±1.7 Hz (p≤0.05; n=9) (Fig. 4/B). The firing rates of those neurons that we did not
categorized either F or S cells showed almost no changes at all (before TP=10.44±9.74 Hz;
after TP=10.47±8.16 Hz; n=7). Firing rates were calculated during a period of 5 sec before and
after TP stimulation.

After the inspection of the PFC stimulation sites we found that 47 out of 57 locations were in
the IL area of the medial PFC while in 10 cases the electrode track was found in the PL area
(Fig. 2). Stimulation effects showed no correlation with the exact position of the stimulating
electrode. We found that 28 F and 8 S cells responded to PFC stimulation (Fig. 3). F and S
cells could be further sorted considering their responses to PFC stimuli. The majority of the F
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cells showed excitation (F/+; n=8) and then returned to the level of their original activity,
another group of cells (F+/-) showed massive positive response followed by a long inhibited
period (n=8). In contrast, a smaller group of F cells (n=6) expressed a short 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. The average latency of excitatory responses,
including F/+ and F+/- groups was 83.9± 28.1 ms. In the cases of inhibitory responses the
latency was 110.7± 71.6 ms. Prestimulus firing rates during a 5-min period prior to PFC
stimulation in these four groups of F cells showed significant differences compared to each
other (p≤0.05): F/+ (0.85±0.31 Hz); F +/-(5.13±1.62 Hz); F/- (12.5±2.5 Hz); and F/-- (7.91±24
Hz). Because of the low number of S cells similar analysis was not performed.

EEG field potential—Pressure applied to the tail of the animal resulted in the activation of
the EEG, however no motor response was observed. During the stimulation of the PFC,
averaged evoked potentials in the M1/M2 area of the neocortex showed mostly similar shape
and peaks (Fig. 3). These waves consisted of an early negative component, lasting up to 50 ms
and a late, positive component, with duration of about 500ms. In many cases, firing of BF
neurons increased and decreased closely following the positive and negative components of
these 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.

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) and globus pallidus (GP) (n=9) or located at the border of the striatum (n=1). All of the
biocytin labeled neurones were tested for immunohistochemical markers. In the case of F cells,
we tried ChAT and PV, while in the cases of S cells, neurons were tested for SS and NPY.
Two of these neurons were successfully identified by immunohistochemical methods: one
contained ChAT, while the other PV (Fig. 5). The distribution of the F and S cells overlapped
and no separation was found in respect to the different PFC stimulus responses either (Fig. 6).
Of the 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. The PV cell was excited with short
latency (10 ms) by the PFC stimulation. In contrast, long latency inhibition (100-300 ms) was
seen in the 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. 7).

Morphometry
After immunohistochemical analysis, sections were processed for NiDAB, to study
juxtacellularly filled neurons under the light microscope: altogether 19 cells were recovered.
The average diameter of the juxtacellularly filled neurons was 18.36±8.1 μm in horizontal and
17±4.7 μm in vertical directions. 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 considered to be
round, while a quotient larger than 1.2 meant 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
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the relationship between positive or negative responses to PFC stimulation and the shape of
the soma. The chi square test was used to examine if the shape of the cell bodies and the response
given to a stimulus was obtained by chance alone. 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 less 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).

3. Discussion
The present results confirm previous findings regarding the firing pattern and correlation of
BF unit activity to cortical EEG [20;47-50]. Activity in the majority of the recorded neurons
(50/57) changed 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. 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 which is in agreement
with our results from PFC stimulation as well.

Prefrontal-Basal Forebrain Connections
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 [20;46], though prefrontal axons
exclusively synapse on non-cholinergic neurons, at least in rats [20]. Despite of the 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 [54] that co-localize different neuropeptides (NPY, SS, etc.) [20]. NPY
and SS containing axon terminals were found to reach or even surround cholinergic cells
[51;55]. It is not known yet whether these inhibitory neurons receive prefrontal input, but they
would be good candidates to induce the observed inhibitions following PFC stimulation. A
subgroup of these cells most likely consisted of interneurons and was probably hidden from
the recording electrode due to the sampling bias of the method toward larger projection neurons.
It is also known that PV containing, probably GABAergic neurons receive PFC input [20],
hence they also may contribute to inhibitory responses evoked by PFC stimulation in BF
neurons. Disfacilitation could provide another possible explanation for the inhibitory
responses. Inhibition, or a decrease in activity in local neuronal networks of the mPFC as a
consequence of the applied stimuli would indeed reduce the excitatory drive in the BF [56].

At last, nucleus accumbens is an important target of descending prefrontal fibers [57].
GABAergic cells of this striatal structure in turn, innervate cholinergic BF neurons [22]. As
cortical input is excitatory, activation could be evoked through direct connections in non-
cholinergic BF neurons or through antridromic invasion of the corticopetal neurons. However,
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indirect pathways, through excitatory interneurons or by disinhibition could be also responsible
for the excitatory responses. The neuronal pathways between the PFC and the locus coeruleus
(LC) could also provide a possible explanation of the long latency responses. The noradrenergic
LC recieves a potent excitatory mPFC input. In turn, it projects to the BF area including the
substantia innominata [58;59].

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.[60] found mostly short-latency (15-20 ms) excitatory
responses in BF neurons following stimulation of the prefrontal cortex. These findings seem
to contradict to 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. Based on their figures, baseline activity of BF cells were very low in
the experiments reported by Golmayo et al. The depression of firing might have been caused
by a deeper level of anesthesia than in our experiments as firing rate has been shown to
continuously decrease with the deepening of anesthesia [49]. 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. [50]. Higher baseline firing rate predestined BF neurons to
give smaller excitatory, or even inhibitory responses to short train stimulation of brainstem
cholinergic (pedunculopontine) 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 [10]. It can be suggested that glutamatergic input from
the PFC reached local inhibitory interneurons (such as NPY and SS), PV containing projection
neurons and possibly local excitatory interneurons (VGlut2) as well. It has been reported that
VGlut2 is present in BF area [17], also a large population of VGlut2-immunoreactive neurons
are located primarily in the posterior division of the septum [61]. A similar mechanism might
explain the dependency of results of PFC stimuli on the background activity, observed in the
present experiments.

F cells include cholinergic and PV-containing, supposedly GABAergic neurons. Using
juxtacellular filling, we identified one cholinergic and one parvalbumin-containing F cell.
Latency data measured in these cells were in good agreement with the fact that PFC input
terminates on non-cholinergic neurons [20], 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 [9;11]. 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 no generalized changes in EEG, while in the above cited papers more sustained
stimulation was applied that led to LVFA in 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.

Prefrontal-Basal Forebrain-Cortical Loop
Vanderwolf et al. [62] in freely moving animals found cortical evoked responses following
electrical stimulation of the contralateral sensorimotor cortex that were very similar to what
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we have described in our experiments. Despite the similar sequence of negative and positive
curves, durations were considerably longer and amplitudes smaller in our recordings. This
finding could be explained by the use of urethane as anesthesia that, in general, tends to damp
all kinds of activity in the neocortex, in particular those depending on multisynaptic pathways
[63]. Evoked field potentials in the M1/M2 area displayed strong correlation with unit activity
changes in the BF following PFC stimulation. 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. Previous studies suggested that the early component represents summed
excitatory postsynaptic potentials; and the late component summed inhibitory postsynaptic
potentials [62]. 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 [39;45;46].
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 [64] thus it is a more
reasonable suggestion 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 [49]. This observation could also give further support for
the existence of the prefronto-basalo-cortical circuitry that has been already suggested [20].

Morphology
Several studies revealed the correlation between neuronal morphology and
electrophysiological properties in different brain areas [65-67], while others claimed that no
reliable physiological criteria could have been defined to distinguish certain neurotransmitter
groups [68;69]. Spike shapes have been showed to carry specific neuronal information in
cortical networks [70;71]. Morphological and electrophysiological characteristics of
magnocellular neurons from basal forebrain nuclei of postnatal rats have been described in cell
cultures. Four morphological subtypes of magnocellular neurons could be distinguished
according to the shape of their soma and pattern of dendritic branching. Results from these
experiments showed that, although acetyl cholinesterase-positive magnocellular basal
forebrain neurons exhibit considerable morphological heterogeneity, they have very similar
and characteristic electrophysiological properties [67]. Although, due to the small number of
histochemicaly identified neurons, we could not conclude a correlation between certain
electrophysiological properties - such as spike shape or response for a given stimulus - and
neurotransmitter content. However, our findings showed a significant correlation between
spike shape and response to PFC stimulus and neuronal soma shape suggesting that most likely
by having higher number of identified neurons we might be able establish such criteria that
would allow us to reliably classify neurons after careful electrophysiological analysis.

Concluding remarks—The electrophysiological diversity of the recorded neurons based
on their spontaneous activity and responses to the PFC stimulation reflects the existence of
different BF cell types that receive direct or indirect prefrontal input. Unfortunately, we were
able to identify only very few neurons chemically, preventing us to establish whether or not
the different electrophysiological categories correspond to different cell types or different
functional states. The observation, however, in case of similar firing rates of S and F cells, that
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BF neurons display different behavior in response to ascending (tail pinch) or descending
(prefrontal) stimuli suggest that the prevalent state of activity of neurons may be important in
determining their responses.
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Fig. 1.
Properties of F and S cells in the BF. A,B) Raw data illustrating the spontaneous changes in
the EEG and in the firing rate of an F and S cell, respectively. Spontaneous changes of cortical
SWA to LVFA were followed by the increase or decrease of unit activity. C) Figure
representing raw data from the recording of an F cell that increased its firing activity due to
TP stimuli. D) An example of an S cells, that suspended its firing for a longer period of time
in close correlation with cortical activation (bin width=10 ms).
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Fig 2.
Location of PFC stimulating electrodes. After histochemical procedures had been done,
stimulating electrode tracks were located in the PFC. Stimulation sites have been detected from
+3.7 mm to +2.7 mm anterior from the Bregma. Out of 57 stimulation sites, 47 were found in
the infralimbic (IL) area, while in 10 cases, it was in the prelimbic (PrL) area.
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Fig. 3.
Diversity of changes in neuronal activity in F-, and S-cells following PFC stimulation. Both F
and S cells showed inhibition or facilitation as a response for the PFC stimuli, though among
F cells, a higher degree of diversity was found. Inhibitory responses were more frequent in
neurons with higher background activity while facilitation occurred in those cases when the
neurons showed relatively low discharge rate. Black curves show averaged cortical evoked
potentials recorded from the M1/M2 cortical areas. Insets of the peri-event time histograms
(PETHs) zoom in on the first 150 ms of the evoked responses.
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Fig. 4.
Graphic representation of the number of different categorized neurons (A) registered in the BF
and the firing rates of F and S cells before and after TP stimulation (B). A) Out of 57 neurons
we found 41 F cells and 9 S cells. B) This categorization was based on their firing rates before
and after TP stimulation. The firing activity of F cells significantly increased (before TP=5.5
Hz; after TP=8.4 Hz; n=41), while S cells significantly decreased (before TP=7.9± 1.5 Hz;
after TP=5.8±1.7 Hz; n=9) their firing rate due to TP (p<0.05).
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Fig 5.
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 - goat IgG to visualize Gt-anti-PV staining. E) FITC- conjugated
donkey anti - mouse IgG to visualize Ms-anti-ChAT staining. C, F) neurons developed with
Ni-DAB. G, H) Location of the PV-containing and cholinergic 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 parvalbumin containing
cell.
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Fig. 6.
Distribution of the recorded neurons in the BF plotted on coronal sections from the Paxinos-
Watson atlas. Most of the recorded neurons were located in the substantia innominata, the
ventral pallidum and globus pallidus.
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Fig 7.
Analysis of the identified parvalbumin (A-D) containing and cholinergic (E-H) neurons. A, C)
shows the averaged response of the unity activity of the PV cell and the simultaneous EEG for
PFC stimulus (intensity of stimulation: I=0.5 mA), that resulted in a positive peak in the unit
activity E, G) demonstrates the same diagram in the case of the cholinergic neuron, in which
case only a slight difference of the discharge activity has been determined compared to the
baseline spike number/bin (1 bin=10ms) while using stimulation intensity of 35 mA. B, D) and
F, H) show the interspike interval histogram (ISIH) 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. We have found the spike width of the two neurons are approximately
the same (0.8-2ms).
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