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Multiple lines of evidence indicate that cholinergic basal fore-
brain neurons play an important role in the regulation of cortical
activity and state. However, the discharge properties of cholin-
ergic cells in relation to the electroencephalogram (EEG) are not
yet known. In the present study, cells were recorded in the basal
forebrain in association with cortical EEG activity in urethane-
anesthetized rats, and their discharge was examined during
EEG irregular slow activity and during stimulation-induced cor-
tical activation, characterized by rhythmic slow (theta) and
high-frequency (gamma) activities. Recorded cells were labeled
with Neurobiotin (Nb), using the juxtacellular technique and
identified as cholinergic by immunohistochemical staining for
choline acetyltransferase (ChAT). Nb-positive/ChAT-positive
neurons were distinctive and significantly different from Nb-
positive/ChAT-negative neurons, which were heterogeneous in
their discharge properties. All Nb */ChAT * cells increased their
discharge rate with stimulation, and most shifted from an irreg-

ular tonic discharge during EEG slow irregular activity to a
rhythmic burst discharge during rhythmic slow activity. The
stimulation-induced rhythmic discharge was cross-correlated
with the EEG rhythmic slow activity. In some units the rhythmic
discharge matched the rhythmic slow activity of the retrosple-
nial cortex; in others, it matched that of the prefrontal cortex,
which occurred at a slower frequency, suggesting that subsets
of cholinergic neurons may influence their cortical target areas
rhythmically at particular frequencies. Cholinergic basal fore-
brain neurons thus may evoke and enhance cortical activation
via both an increase in rate and a change in pattern to rhythmic
bursting that would stimulate rhythmic slow (theta-like) activity
in cortical fields during active waking and paradoxical sleep
states.
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The basal forebrain has been shown to be critically involved in the
regulation of cortical activity and behavioral state (Jones, 1993).
As known since early physiological studies, it serves as the ex-
trathalamic relay from the reticular formation to the cerebral
cortex (Dempsey et al., 1941; Moruzzi and Magoun, 1949; Starzl
et al., 1951), conveying activation evident as fast activity on the
electroencephalogram (EEG). The neurons that form this relay
were revealed to be cholinergic (Lewis and Shute, 1967; Kievit
and Kuypers, 1975; Rye et al., 1984). Blocking cholinergic recep-
tors resulted in diminished cortical activation (Wikler, 1952;
Longo, 1966) and impaired memory function (Peterson, 1977).
Lesions of the basal forebrain produced decreased cortical acti-
vation in parallel with decreased acetylcholine (ACh) release
(LoConte et al., 1982; Stewart et al., 1984). Moreover, maximal
ACh release was found to be associated with the natural cortical
activation of active wake and paradoxical sleep states (Celesia
and Jasper, 1966; Jasper and Tessier, 1971; Marrosu et al., 1995).

The activating influence of ACh in the cerebral cortex has been
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known to involve the depolarization and excitation of cortical
neurons (Krnjevic and Phillis, 1963; McCormick and Prince,
1986), resulting in a shift of cortical activity from very slow () to
fast (B-v) activity (Metherate et al., 1992). ACh and cholinergic
neurons also have been implicated in the facilitation of rhythmic
slow activity or theta (6), which occurs during active waking and
paradoxical sleep (Jouvet et al., 1960; Parmeggiani and Zanocco,
1963; Vanderwolf, 1975) in the hippocampus (Gaztelu and Buno,
1982; Buzsaki et al., 1983; Alonso et al., 1987; Lee et al., 1994,
Dringenberg and Vanderwolf, 1997; Brazhnik and Fox, 1999) and
in cingulate, retrosplenial, and entorhinal cortex (Borst et al.,
1987; Dickson and Alonso, 1997). In fact, theta band (4-9 Hz)
activity occurs in parallel with increased high-frequency gamma
band (30-60 Hz) activity in the EEG across neocortical regions
in addition to allocortical regions (Parmeggiani and Zanocco,
1963; Stumpf, 1965; Maloney et al., 1997). Such slow rhythmic
modulation could be important for the role in plasticity and
memory that has been attributed to the cholinergic input in both
allocortex and neocortex (Landfield et al., 1972; Larson et al.,
1986; Greenstein et al., 1988; Metherate et al., 1988; Huerta and
Lisman, 1995; Kilgard and Merzenich, 1998).

The precise modulation of cortical activity by cholinergic basal
forebrain neurons is not yet known because their in vivo discharge
properties have not been characterized. In vivo recording studies
have found many cell types with many different activity profiles in
the basal forebrain, leaving uncertain which cell type might be
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9cholinergic (Aston-Jones et al., 1984; Detari et al., 1984; Szy-
musiak and McGinty, 1986, 1989; Detari and Vanderwolf, 1987;
Reiner et al., 1987; Buzsaki et al., 1988; Nunez, 1996). This
uncertainty is not surprising because the basal forebrain cell
population is made up predominantly of noncholinergic cells
(Zaborszky et al., 1986; Gritti et al., 1993, 1994, 1997), which have
been shown to be electrophysiologically diverse (Pang et al.,
1998).

Recent in vitro studies have characterized the electrophysiolog-
ical properties of immunohistochemically identified cholinergic
basal forebrain neurons (Khateb et al., 1992). These cells were
found to be distinctive, having calcium conductances that endow
them with the capacity to discharge rhythmically in high-
frequency bursts of spikes as well as in a slow tonic mode (Khateb
et al., 1992). Based on these in vitro findings, the present study
sought to find cholinergic basal forebrain cells by extracellular
recording in vivo in anesthetized rats and to determine their
pattern of discharge in association with cortical activation. Units
were recorded and characterized with the EEG, labeled with
Neurobiotin (Nb) by using the juxtacellular technique (Pinault,
1996; Manns et al., 1998), and subsequently examined by immu-
nohistochemical staining for choline acetyltransferase (ChAT),
the synthetic enzyme for acetylcholine (Manns et al., 1999).

MATERIALS AND METHODS

Animals and surgery. Experiments were performed on adult Long—Evans
rats (200-250 gm, Charles River, St. Constant, Quebec, Canada) anes-
thetized with urethane [ethyl carbamate (Sigma, St. Louis, MO); initial
dose, 1.4 gm/kg, i.p.]. Adequate anesthesia was confirmed by the lack of
withdrawal in response to pinching of the hind limb. Additional doses of
anesthetic (0.1-0.15 gm/kg, i.p.) were given if and when this response
appeared. Body temperature was kept at 37°C with a heating pad attached
to a thermostatic control instrument (Yellow Springs Instruments, Yellow
Springs, OH).

The animals were placed in a stereotaxic frame (David Kopf Instru-
ments, Tujunga, CA) and held there for the duration of the experiment.
Trephine windows were made in the cranium over the left and right basal
forebrain for subsequent descent of microelectrodes. For recording of
EEG, stainless steel screws were threaded into the skull to come into
contact with the dura over the retrosplenial cortex [anteroposterior (AP),
—4 mm; lateral (L), £0.5 mm relative to bregma (Paxinos and Watson,
1986)]. A reference electrode was placed in the frontal bone and a
ground electrode over the right cerebellum. For the purpose of anti-
dromic activation of basal forebrain units, a bipolar stimulating electrode
(with a separation of 0.5 mm between the tips) was placed in the
prefrontal cortex on each side (AP, +2.0 mm; L, 1.0 mm; ventral, —2.0
mm). This electrode also was used to record the field potential in the
prefrontal cortex in several experiments.

Unit recording and labeling. Unit recordings were performed with glass
microelectrodes, which were pulled to a fine tip, broken to an external
diameter of ~0.5-1.5 wm, and filled with 0.5 M sodium acetate and
2.5-5.0% Neurobiotin (Nb; Vector Laboratories, Burlingame, CA). Us-
ing a hydrostatic micromanipulator (MX510, Newport, Irvine, CA), we
moved the electrode into the region of the basal forebrain to a position
just below the anterior commissure. At this juncture, single units were
isolated as the electrode was descended through the basal forebrain. On
isolation, the unit was characterized in association with spontaneous
irregular slow wave activity and stimulation-induced rhythmic slow ac-
tivity on the EEG. The stimulation consisted of a continuous pinch of the
tail. Neurons also were tested for their response to antidromic stimula-
tion from the prefrontal cortex. Antidromic criteria included the ability
to follow single pulses (0.3msec, 100-600 wA) with a constant latency
and to follow high-frequency stimulus trains of two or three pulses at
100-200 Hz. The extracellular recording of units was done with an
intracellular amplifier (IR-283; Neurodata Instruments, New York, NY).
Extracellular voltage signals were amplified and bandpass-filtered be-
tween 0.3 and 3 kHz. The EEG signal was filtered between 0.5 and 125
Hz. Both signals then were digitized with a sampling rate of 6.6 kHz.
Spike widths were measured from positive inflection to first zero crossing
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by using >200 averaged spikes. Antidromic latencies were measured
from time of stimulation artifact.

After the recording and characterization of isolated neurons, they
were labeled by using the “juxtacellular” method as developed and
described by Pinault (1996). The labeling procedure involved moving the
microelectrode as close as possible to the membrane of the cell, thus
maximizing the action potential amplitude. Then current was applied,
and Nb iontophoresed with the bridge circuitry of the amplifier. Currents
consisted of a 50% duty cycle (200 msec pulses) and initially involved
high intensities of approximately +10 nA delivered from a DC current of
approximately —5 nA. Once it became apparent that the current pulses
resulted in a robust modulation of the firing of the neuron, the current
intensities were lowered (usually to approximately +2 nA from a DC
current of approximately —1 nA). Throughout the labeling procedure it
was important to monitor the response of the neuron and adjust the
stimulation parameters and distance of the electrode from the membrane
to maintain robust modulation yet avoid damage to the cell. In prelimi-
nary studies it was found that weak modulation of the cell resulted in no
neuronal labeling, whereas overly strong modulation of the cell could
result in cell death, usually heralded by widening of the action potential
and paroxysmal discharge. The labeling procedure was applied for peri-
ods of 3-20 min. Short labeling protocols or those with poor modulation
tended to result in weakly labeled neurons, whereas longer protocols or
those with robust modulation tended to result in very strong neuronal
labeling. Postlabeling survival periods ranged from a few minutes to
several hours and were found adequate when short, given that the
duration and modulation during the labeling protocol were adequate.
The animals received an overdose of urethane and then were perfused
transcardially with physiological saline (0.9% NaCl), followed by 500 ml
of a fixative containing 4% paraformaldehyde in 0.1 M phosphate buffer,
pH 7.4. The brains were removed and immersed overnight in a 30%
sucrose/PBS for cryoprotection and then frozen at —50°C and stored at
—80°C.

Histochemistry. In preliminary experiments the brains were prepared
for simple revelation of Nb. For this purpose, frontal sections were cut at
50 wm thickness on a freezing microtome. Then they were thoroughly
washed in phosphate buffer before being incubated with avidin-biotin
peroxidase complex (ABC; Vector Laboratories) for at least 4 hr. The
Nb was revealed with H,O, and the chromogen 3,3'-diaminobenzidine
tetrahydrochloride (DAB; Horikawa and Armstrong, 1988), using nickel
intensification.

In the main study the brains were prepared for dual staining of Nb and
ChAT to determine whether the labeled neurons were cholinergic. Coro-
nal frozen sections were cut at 30 um, washed thoroughly in phosphate
buffer, and incubated overnight in a primary antibody for ChAT (rabbit
anti-ChAT antiserum, 1:3500; Chemicon, Temecula, CA). The next day
the sections were washed and incubated with secondary antibodies for 2.5
hr. A Cy2-conjugated streptavidin (1:800; Jackson ImmunoResearch
Laboratories, West Grove, PA) was used to reveal Nb. A Cy3-conjugated
donkey anti-rabbit antiserum (1:1000; Jackson ImmunoResearch Labo-
ratories) was used to reveal ChAT immunostaining. Then the sections
were mounted and viewed by fluorescent microscopy with a Leitz Dialux
microscope equipped with a Ploemopak 2 reflected light fluorescence
illuminator with Leica filter cubes for fluorescein (I3) and rhodamine
(N2.1). Cell size was measured from film transparencies, and cells were
classified as small (=15 um) or medium-to-large (16-35 wm) according
to their large diameter.

Data analysis. Analysis of physiological data was performed on sta-
tionary periods of recording from prestimulated and stimulated condi-
tions. For the EEG, spectral analysis was performed to determine the
dominant peak frequency. Four contiguous EEG segments (4 sec each)
were tapered through a Hanning window and converted by fast Fourier
transform. Power spectra were averaged and plotted (mV?Hz) for
presentation. The oscillatory nature of the same EEG segments was
assessed by an autocorrelation function (ACF). To assess the amplitude
of the gamma frequency activity in the EEG during prestimulation and
stimulation conditions, we measured the area of the amplitude spectra
between 30 and 58 Hz.

For all unit and unit-to-EEG analyses, calculations were done on at
least 60 sec of artifact-free data. For unit discharge the average discharge
rate was calculated as the average spikes per sec from the peristimulus
histogram (PSH) of the prestimulation and stimulation periods. Using
these data, we categorized the units as increasing (“on”) or decreasing
(“off”) their discharge in response to the stimulation. The calculation of
the predominant instantaneous firing frequency was determined from the
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first-order interspike interval histogram (ISTH), using the same segments
as for the PSH. Assessment of rhythmic and higher-order interspike
interval tendencies was performed with an autocorrelation histogram
(ACH) on the same data segments as for the other unit calculations.
Determination of the dominant frequency of rhythmic ACHs was done
by using a fast Fourier transform to convert the ACH data to the
frequency domain. Unit discharge was considered to be “rhythmic,” if
the spectrum of the ACH had a peak that was at least three times the
amplitude of the average power. Classification of units according to their
predominant pattern of discharge was effected by consulting the raw
records, together with the PSH and ISIH, to characterize the predomi-
nant firing pattern initially as tonic and/or phasic. Whether the phasic
activity was composed of burst or cluster-like discharge was assessed by
visually examining the records and also by determining the percentage of
high-frequency interspike interval incidents (according to which the
discharge was considered burst-like with >80 Hz activity representing
>5% of the ISIH distribution). The spike-triggered average (STA) was
used to estimate the extent of cross-correlation between spike trains and
EEG activity. The time of each individual spike in a spike train was used
as a reference to gather and average concomitant windows of EEG data
(usually £ 2.5 sec before and after the spike), thus allowing estimation of
the EEG pattern, which is associated preferentially with any given spike
discharge. To determine whether the actual unit-EEG STA was signifi-
cantly different from random unit-EEG patterns, we compared it with an
STA computed by using a spike train generated from randomly shuffled
interspike intervals of the original spike train. The actual unit-EEG STA
was considered significantly different from the random unit-EEG STA
with a probability of <0.05, using the Wilcoxon test. In such cases the
unit discharge was considered to be significantly cross-correlated with the
EEG activity. All analysis of raw data was done with Matlab 5 (Math-
Works, Natick, MA).

For statistical comparison of the properties of cholinergic and non-
cholinergic cells, both nonparametric and parametric tests were used. x>
analyses were used to determine whether the groups differed according to
the classification of units on the multiple criteria detailed above. ANOVA
was used to examine differences in unit properties between the cholin-
ergic and noncholinergic cell groups. Paired and nonpaired Student’s ¢
tests were used for both post hoc comparisons and also simple tests
involving only two conditions or groups. All statistics were performed by
using Systat 7.0 (SPSS, Chicago, IL).

Figures were compiled by using Adobe Photoshop 4.0 (Adobe Systems,
San Jose, CA) for photomicrographs and Origin 5.0 (Microcal Software,
Northampton, M A) for plotting electrophysiological data and analyses.

RESULTS

Labeling and characterization of basal forebrain units

In preliminary studies aimed at establishing the juxtacellular
technique and also surveying the population of basal forebrain
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Figure 1. Medium-sized multipolar neuron
recorded and labeled by the juxtacellular tech-
nique with Neurobiotin (Nb; revealed with
nickel-enhanced DAB) in the MCPO region of
the basal forebrain. Scale bar, 50 um.

neurons, single units were recorded in association with EEG
activity and labeled with Nb for single staining with peroxidase.
Applying the juxtacellular technique in the manner described by
Pinault (1996), we confirmed that, after modulation of the dis-
charge of a recorded unit by current pulses, the soma and den-
drites of a single neuron and only a single neuron were labeled
with Neurobiotin (Nb"; Fig. 1). Nb ™" cells that had been char-
acterized electrophysiologically were selected subsequently for
the preliminary sample if they were located within the basal
forebrain cholinergic cell area (n = 90). These Nb™ cells were
distributed through the substantia innominata (SI; » = 32) and
magnocellular preoptic nucleus (MCPO) or located in the imme-
diately adjacent lateral preoptic area or olfactory tubercle (and
grouped with those in the MCPO; n = 58). The cells were oval to
fusiform (bipolar) or polygonal (multipolar) and commonly had
long radiating dendrites (Fig. 1). Although some cells (~27%)
were small (=15 pm), the vast majority was medium-to-large
(16-35 pm in long diameter). The profiles of unit discharge
varied considerably in this population as did the responses of
units to stimulation of the animal and the relationships of unit
discharge to EEG activity.

In urethane-anesthetized rats the EEG recorded from the
retrosplenial cortex was characterized by relatively irregular low-
frequency activity (Fig. 2). Continuous pressure applied to the
tail of the animal resulted in a change in EEG activity, although
it did not elicit a motor response. During the stimulation the EEG
was characterized by higher-frequency rhythmic slow (theta-like)
activity and the presence of high-frequency fast activity riding on
the rhythmic slow activity (Fig. 2C). In the preliminary studies
~45% of the cells demonstrated only a tonic type of discharge in
both conditions, whereas the remaining cells also demonstrated a
phasic type of discharge in one or both conditions (Manns et al.,
1998). Irrespective of discharge profile, the majority of cells
(~58%) increased their average discharge rate with stimulation,
and a minority (~34%) decreased their average discharge rate,
whereas some did not change their rate. Among those cells that
increased their discharge rate, a proportion appeared to dis-
charge rhythmically in bursts in association with rhythmic EEG
activity that occurred during stimulation (Fig. 2C,D). The fre-
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Figure 2. Discharge pattern of Nb-labeled neuron in the MCPO before
and during stimulation of the animal. 4, EEG (from retrosplenial cortex)
and (B) peristimulus histogram (PSH) of the mean rate of discharge (in
spikes per sec) during prestimulation and stimulation conditions. C, EEG
and (D) unit discharge traces are expanded from the two conditions (left
and right). Note the increase in rate of discharge and change in pattern of
discharge from tonic to bursting with stimulation of the unit in association
with a change in the pattern of EEG activity. £, Expanded traces of
individual bursts showing variable firing frequencies. F, Antidromic acti-
vation of bursting MCPO neuron from prefrontal cortex.

quency of the spike bursts was highly variable, differing between
and varying within spike trains of the same cell (Fig. 2E). Burst-
ing cells often could be activated antidromically from the cerebral
cortex (Fig. 2F). Such cells displaying a burst and/or a tonic
discharge profile were considered as likely candidates for being
cholinergic neurons, because high-frequency burst (>100 Hz) and
slow tonic (<20 Hz) modes of firing were described previously in
identified basal forebrain cholinergic neurons in vitro (Khateb et
al.,, 1992). A certain number of cells also displayed phasic rhyth-
mic discharge as regular trains of spikes lacking high-frequency
bursts. Such cells were thought less likely to be cholinergic and to
correspond possibly to some noncholinergic cells identified in
vitro by rhythmically occurring clusters of spikes (<80 Hz; Alonso
et al., 1996). In the total preliminary sample the cells were
classified according to their distinctive pattern of discharge: (1)
cells discharging only in a tonic manner, 45.5%; (2) cells discharg-
ing in a burst-like manner (containing high-frequency bursts of
>80 Hz), 32.5%; and (3) cells discharging in a cluster pattern
(containing no high-frequency bursts of >80 Hz), 22%.
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Identification and comparison of cholinergic and
noncholinergic cells

In the subsequent main study the cells were characterized and
labeled with Nb for dual staining for Nb and ChAT. In this
process the neurons first were recorded and, depending on their
discharge profile, subsequently were selected for labeling by the
juxtacellular procedure. Of the total sample of cells (n = 52),
many were selected that displayed tonic activity or that displayed
a burst-like discharge in addition to tonic activity. A number of
more rarely encountered cluster discharge cells also were selected
for inclusion in the sample.

Of 52 Nb-labeled cells located in the basal forebrain cholin-
ergic cell area, 12 were established as immunopositive for ChAT
(Nb"/ChAT™), and 40 were established as immunonegative for
ChAT (Nb"/ChAT ~; Fig. 3, Table 1). The Nb"/ChAT* and
Nb “/ChAT ™ cells were located within the SI or MCPO (includ-
ing a few cells in the adjacent lateral preoptic area and olfactory
tubercle), the greater proportion being in the MCPO (Fig. 4,
Table 1). The Nb "/ChAT " cells were not morphologically dis-
tinct from the Nb */ChAT ~ cells, because both groups included
oval to fusiform (bipolar) and polygonal (multipolar) neurons
(Table 1). Many cells of each type appeared to have long radiat-
ing dendrites. The total sample of cells ranged in size from small
to medium or large. The Nb*/ChAT ™" cells were composed
entirely of medium-to-large cells (range, 17.3-24.8 um), whereas
the Nb*/ChAT ™ cells were composed of small as well as
medium-to-large cells (range, 12.0-29.1 pum) and accordingly
differed significantly from the Nb */ChAT ¥ cells in this regard
(Table 1).

As in the preliminary study, the retrosplenial EEG during the
prestimulation recording was characterized by irregular low-
frequency activity that shifted to relatively faster rhythmic slow
(theta-like) activity during stimulation, as evident in the EEG
record and in the spectral analysis and ACF of those records.
Across experiments the average dominant peak frequency of the
retrosplenial EEG activity increased from 1.03 = 0.06 to 3.02 *
0.11 Hz in the samples for all units (¢ = 19.03, df = 51; p < 0.001).
Across experiments, stimulation also was marked by a significant
increase in the average amplitude of EEG activity in the gamma
frequency band (30-58 Hz; t = 3.13, df = 25; p < 0.01). The
stimulation thus evoked a degree of cortical activation evidenced
by a parallel increase in the dominant low-peak frequency and
high-frequency gamma band amplitude in the EEG of the anes-
thetized animals.

Of the total sample of recorded and labeled neurons, ~44%
discharged only in a tonic manner, ~38.5% with high-frequency
bursts (>80 Hz), and ~17.5% in a cluster type of discharge
(lacking high-frequency activity of >80 Hz) in the prestimulation
and/or stimulation conditions (Table 1). These proportions of
cells with their different discharge patterns were similar to those
obtained in the preliminary study (see above). In the experimen-
tal sample the majority of cells also increased their average rate
of discharge (measured by PSH) with stimulation (83%, Table 1).
Within this sample the Nb*/ChAT * cells differed significantly
from the Nb “/ChAT ~ cells both in their predominant discharge
pattern and in their response to stimulation. The majority of the
Nb*/ChAT ™ cells displayed a burst discharge pattern in addition
to a tonic discharge pattern (75%), with the remaining displaying
a tonic type of discharge; they all increased their average rate of
discharge with stimulation (Table 1). Of the Nb "/ChAT ~ cells,
the largest proportion displayed a predominantly tonic discharge
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Figure 3.

Photomicrographs of recorded and juxtacellularly labeled Nb */ChAT * and Nb */ChAT ~ neurons located in the basal forebrain cholinergic
cell area. Nb was revealed with green fluorescent Cy2-conjugated streptavidin (left) and ChAT immunostaining with red fluorescent Cy3-conjugated
secondary antibodies (right). A, Nb"/ChAT* neuron (#98018003/6) in MCPO lying among other ChAT " cells. B, Nb*/ChAT " neuron (#
98812009/10) in SI. C, Nb */ChAT ~ neuron (#98629000) in MCPO surrounded by ChAT * neurons. Scale bar, 20 um.
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Table 1. Frequency of anatomical and physiological characteristics in cholinergic and noncholinergic

cell groups®

All cells  Nb*/ChAT" cells  Nb"/ChAT™ cells  Statistic:
n 52 12 40 X2(df)
Anatomy
Area 0.34 (1)
MCPO 34 7 27
SI 18 5 13
Shape 0.59 (1)
Oval—fusiform (Bipolar) 21 6 15
Polygonal (Multipolar) 31 6 25
Size 6.61 (1)**
Small (= 15 um) 11 0 11
Medium-large (> 15 um) 41 12 29
Physiology
Pattern 10.84 (2)**
Tonic 23 3 20
Tonic/burst 20 9 11
Tonic/cluster 9 0 9
Response to stimulation (PSH?) 5.26 (1)*
Increase (“on” 43 12 31
Decrease (“off”) 9 0 9
Unit rhythmicity during
stimulation (ACH) 6.91 (1)**
Rhythmic 22 9 13
Not rhythmic 30 3 27
Unit-EEG cross-correlation
during stimulation (STA®) 10.13 (1)**
Correlated 23 10 13
Not correlated 29 2 27

“Frequencies (1, number of cells) for the two groups are presented and compared, using the likelihood ratio x? statistic; *p <

0.05; **p < 0.01; ***p < 0.001.

PClassification based on peristimulus histogram (PSH) measure of average discharge rate.

“Based on autocorrelation histogram (ACH) measure of rhythmicity.

“Based on spike-triggered average (STA) measure of unit-to-EEG cross-correlation (retrosplenial cortex).

pattern (50%), a smaller proportion a bursting discharge pattern
(27%), and the remaining a cluster discharge pattern (22.5%).
The majority of the Nb*/ChAT ~ cells increased their average
discharge rate with stimulation (“on,” 78%); however, a minority
decreased their rate (“off,” 22%; Table 1).

It was evident in the total sample that many phasically firing
cells displayed rhythmicity in their discharge during stimulation,
as assessed from the recordings, ACHs, and corresponding spec-
tra (Table 1). The activity of a substantial number of cells also
was cross-correlated significantly with the EEG rhythmic slow
activity during stimulation, as evident from the recordings and
STAs (Table 1). In this sample both Nb*/ChAT" and Nb™/
ChAT ~ cells showed rhythmic activity and significant cross-
correlations with the EEG during stimulation-induced rhythmic
slow activity, although the proportion of Nb */ChAT * cells doing
so was significantly larger than that of the Nb*/ChAT ™~ cells
(Table 1).

Distinctive properties of cholinergic cells

Nb */ChAT™ cells were located in the MCPO or SI (Figs. 3, 4,
Table 1) and were, on average, medium-sized. In several cases
they could be identified as cortically projecting by antidromic

activation from a stimulating electrode in the prefrontal cortex
(Table 2).

As shown for the Nb*/ChAT * cell in Figure 34, which was
located in the MCPO and antidromically activated from the
prefrontal cortex, cholinergic cells always increased their rate of
discharge and most commonly also changed their mode of dis-
charge from tonic to burst discharge with stimulation of the
animal (Fig. 51). This response to stimulation is reflected in the
significant increases in the average discharge rate (from the PSH)
and the mean instantaneous firing frequency (from the ISTH) for
the Nb */ChAT " cells (Fig. 51, II, Table 3). In most cases the
burst discharge was rhythmic (as evident in the ACH). In some
cases the frequency of the rhythmic discharge matched that of the
dominant frequency of the rhythmic EEG activity and spectral
peak from the retrosplenial cortex (Fig. 5IL4,B). In such cases
there was a significant cross-correlation of the unit discharge with
the EEG activity (evident in the STA) at the same frequency (Fig.
SIIC).

As shown for the Nb*/ChAT ™ cell in Figure 3B, which was
located in the SI, other cholinergic cells also increased their rate
of discharge and discharged rhythmically in bursts during
stimulation-evoked EEG rhythmic slow activity, but their dis-
charge did not appear to be at the same frequency as the domi-
nant EEG frequency of the retrosplenial cortex (Fig. 6I). From
the ACH for the unit and the cross-correlation (STA) with the
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Figure 4. Distribution of recorded and characterized Nb*/ChAT " (filled circles) and Nb*/ChAT ™~ (open circles) neurons in the basal forebrain
[represented on atlas sections adapted from Gritti et al. (1993)]. Scale bar, 1 mm. Acb, Accumbens nucleus; ac, anterior commissure; BST, bed of the
stria terminalis; CPu, caudate putamen; DBB, diagonal band of Broca nucleus; f, fornix; FStr, fundus of striatum; GP, globus pallidus; LPOA, lateral
preoptic area; LS, lateral septum; MCPO, magnocellular preoptic nucleus; MS, medial septum; oc, optic chiasm; OTu, olfactory tubercle; Pir, piriform
cortex; Ret, reticularis nucleus; Sla, substantia innominata pars anterior; SIp, substantia innominata pars posterior; sm, stria medullaris.

EEQG, it became apparent that the unit was discharging rhythmi-
cally at a slower frequency and cross-correlated with the EEG at
this slower frequency (Fig. 61I). This difference was reflected in
the mean frequencies of the unit rhythmic discharge (from the
ACH) and cross-correlated EEG rhythmic activity (from the
STA), which were slower than the average EEG peak frequency
from the retrosplenial cortex (Table 3). This slower frequency
corresponded to a secondary peak in the retrosplenial EEG
power spectrum (Fig. 6II). This observation suggested that the
slower unit rhythmic discharge may be correlated with the dom-
inant EEG frequency of another cortical region.

To examine the possibility that the unit rhythmic discharge
might be correlated more closely with the dominant EEG signal
of another cortical area, we simultaneously acquired a field po-
tential from the prefrontal cortex stimulating electrode with the
retrosplenial EEG signal. As in recordings from the retrosplenial
EEG, the prefrontal field potential was characterized during the
prestimulation condition by irregular low-frequency activity,
which increased in frequency and regularity during stimulation.
Across experiments, stimulation caused a significant increase in
the dominant peak frequency recorded in the prefrontal field
activity from 0.83 = 0.04 to 1.63 = 0.10 Hz (+ = 7.53, df = 26;p <
0.001), although this dominant frequency was significantly slower
during stimulation in the prefrontal field recording as compared
with the retrosplenial EEG (r = —6.40, df = 26; p < 0.001). In
addition, parallel to the effect in the retrosplenial EEG signal,

stimulation elicited a significant increase in average amplitude in
the gamma frequency band in the prefrontal field activity (30-58
Hz; t = 4.17, df = 25; p < 0.001).

The rhythmic discharge of several Nb*/ChAT * neurons was
found to be cross-correlated with the dominant rhythmic activity
on the prefrontal cortex during stimulation-evoked cortical acti-
vation. In one such unit, which also could be activated antidromi-
cally from the prefrontal cortex, the rhythmic discharge (evident
in the ACH) appeared to match the prominent rhythmic slow
activity of the prefrontal cortex (evident in the ACF; Fig. 74,B)
and corresponded in frequency to the dominant spectral peak of
the prefrontal cortex (evident in the power spectra; Fig. 7C). This
frequency also corresponded to a secondary peak in the retro-
splenial cortex (Fig. 7C), which was often present (see Figs. 511,
611). Following this observation, the Nb */ChAT " neurons were
subdivided according to whether their rhythmic discharge (from
the spectrum of the ACH) most closely matched the dominant
spectral peak of the retrosplenial or the prefrontal cortex in those
cases in which the EEG was recorded simultaneously from both
areas (n = 7; Table 4). The rhythmic discharge frequencies of the
units (from the ACH) matching to the retrosplenial dominant
peak were of a significantly higher frequency than those matching
to the prefrontal dominant peak (Table 4), indicating that sub-
groups of cholinergic cells may discharge rhythmically at different
frequencies depending on the cortical region to which they
project.

Table 2. Morphological and physiological measures in cholinergic and noncholinergic cell groups”

Nb*/ChAT™ cells

Nb*/ChAT™ cells

“on” “off” Cell group statistic: F (df)
Morphology
Size (uM) 21.34 £ 0.62 (12) 17.99 = 0.77 (31) 20.29 + 1.37(9) 3.73 (2,49)*
Physiology
Spike width (msec) 0.72 = 0.05 (12) 0.68 = 0.04 (31) 0.68 = 0.06 (9) 0.13 (2,49)
Antidromic latency (msec) 13.18 = 2.58 (4) 16.83 = 2.78 (4) 14.90 = 0.9 (2) 0.53 (2,7)

“Mean = SEM (number of cells) are presented for Nb*/ChAT*, Nb*/ChAT~ “on”, and Nb*/ChAT~ “off” cell groups. The three groups were compared by ANOVA. With
a main effect of cell group indicated by *p < 0.05, post hoc comparisons were performed, using Fisher’s Least Significant Difference test (according to which { indicates
significant difference relative to the Nb*/ChAT™ cell group and § to significant differences relative to the Nb*/ChAT~ “on” cell group).
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Different properties of noncholinergic cell groups

Nb*/ChAT ™ cells were differentiated according to their re-
sponse to stimulation as “on” or “off” cells (Table 1). The “on”
and “off” cells were located in both the MCPO and SI and in
similar proportions in those nuclei as those for the total Nb ™/
ChAT ~ cell group (Table 1). The Nb */ChAT ~ “on” cells were,
on average, significantly smaller than the Nb */ChAT " neurons
(Table 2) and were composed of a substantial number of small
(10) in addition to medium-to-large cells (21). The Nb "/ChAT ~
“off” cells did not differ significantly in size from the cholinergic
cells (Table 2) and were composed predominantly of medium-to-
large cells (8-9). Cells from both groups were identified as
cortically projecting by antidromic activation, and neither their
average latency of activation nor their average spike width was
significantly different from those of the Nb*/ChAT™* cells
(Table 2).

As illustrated for the Nb */ChAT ~ cell in Figure 3C, which was
located in the MCPO, most noncholinergic cells increased their
average rate of discharge with stimulation, thus being classified as
“on” cells, and most often discharged in a tonic manner (Fig. 8I;
see Table 1). They tended to fire sporadically during prestimula-
tion and more rapidly in a repetitive tonic manner during stimu-
lation (Fig. 8). These predominant characteristics were reflected
in the increases in average discharge rate (from PSH) and pre-
dominant instantaneous firing frequency (from the ISTH, Fig. 8II;
see Table 3). The noncholinergic “on” cells differed from the
cholinergic (all “on”) cells by significantly lower frequencies of
firing (from both PSH and ISIH) during stimulation, reflecting
the differing predominantly tonic versus phasic bursting discharge
patterns of these cell types (see Table 3). Whereas the predom-
inantly tonically discharging noncholinergic “on” cells (n = 19)
tended not to show low-frequency rhythmicity in their discharge
(Fig. 81IB), some Nb"/ChAT ~ “on” cells did discharge phasi-
cally and did display low-frequency rhythmicity in their discharge
during stimulation (data not shown). These included Nb™/
ChAT ~ “on” cells that discharged in clusters (n = 7) and others
that displayed a burst-like discharge (with high-frequency com-
ponents of >80 Hz; n = 5). Several of these Nb */ChAT ~ “on
cells showed a significant cross-correlation with the EEG during

<«

Figure 5. 1. Discharge pattern of Nb */ChAT * neuron (#98018003/6) in
the MCPO (see Fig. 34). A, EEG (from retrosplenial cortex) and (B)
peristimulus histogram (PSH ) of the mean rate of discharge (in spikes per
sec) before and during stimulation of the animal. C, EEG and (D) unit
discharge traces are expanded for both prestimulation and stimulation
conditions (left and right). Note the change from a tonic discharge pattern
to a burst-like discharge pattern in addition to the increased rate of
discharge with stimulation and in association with a change in EEG
activity. II. EEG and unit analysis during prestimulation and stimulation
conditions. 4, Autocorrelation functions (ACF; with correlation coeffi-
cients on vertical axes) of the prestimulation and stimulation EEG re-
cordings and corresponding power spectra. B, Autocorrelation histograms
(ACH; with correlation coefficients on vertical axes) of prestimulation and
stimulation period unit spike trains and insets of corresponding interspike
interval histograms (ISIH). A power spectrum is shown (inset) for the
stimulation ACH in which rhythmic activity is apparent. C, Spike-
triggered averages (STA) of unit-EEG cross-correlation (with mV on
vertical axes) for actual unit (black line) and randomized spike train ( gray
line). A power spectrum is shown (inset) for the stimulation STA in which
the actual unit-EEG function was significantly different from the random-
ized spike train unit-EEG function (Wilcoxon test; *p < 0.05). Note with
stimulation the appearance of cross-correlated EEG and unit rhythmic
activity with a peak frequency of ~ 3.8 Hz, which also corresponds to the
prominent EEG rhythmic slow activity and spectral peak frequency.
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Table 3. Frequencies (Hz) of dominant EEG activity (from retrosplenial cortex) and units’ average discharge, instantaneous firing, and unit-to-EEG
cross-correlated activity during prestimulation and stimulation conditions in cholinergic and different noncholinergic cell groups®

Nb*/ChAT" cells

Nb*/ChAT" cells “on”

Frequency measure Prestimulation Stimulation Prestimulation

Stimulation

EEG (Spectral peak)
Average discharge (PSH)”

091 + 0.09 (12)
529 + 139 (12)

321 +0.13 (12)***
12.49 + 2.24 (12)##*

111 = 0.08 (27)
3.83 = 0.61 (31)

Instantaneous firing

3.30 + .08 (27)***
7.96 = 0.97 (31)**=*

“off” Cell group statistic: F (df)
Prestimulation Stimulation Prestimulation ~ Stimulation
1.28 +0.17 (6) 3.32 % 0.09 (6)*** 1.83(2,42) 0.23 (2,42)

5.96 + 2.30 (9) 328 = 1.42 (9= 1,00 (2,49) 6.42 (2,49)**

(ISIH)“ 34.44 + 12,60 (12) 6823 +23.65 (12)*  13.04 = 1.74 (31)  23.02 + 468 31)*t  149.82 + 60.51 (9)11% 13.88 = 6.98 (9)* 11.20 (2,49)*** 532 (2,49)**
Rhythmic discharge

(ACH)? 1.15 £ 0.17 (7) 2.25 +0.27 (9)** 0.94 = 0.18 (6) 1.65 = 0.27 (9)* 1.86 = 0.76 (4) 1.65 = 1.08 (4) 1.65 (2,14) 1.72 (2,19)
Unit-to-EEG cross-

correlation (STA)® 1.07 = 0.11 (6) 2.05 = 0.31 (10)* 0.62+0.12(5) 153 =036 (10)* 111 % 0.25 (5) 1.55 = 0.05 (3) 266 (2,13)  0.74(2,20)

“Mean * SEM frequencies (Hz) are presented for the prestimulation and stimulation conditions for Nb*/ChAT*, Nb*/ChAT™ “on,” and Nb"/ChAT~ “off” cell groups. Stimulation was compared with
prestimulation for all cells within each group by paired ¢ tests for the EEG, PSH, and ISIH values, or unpaired ¢ tests for ACH and STA values (*p < 0.05; **p < 0.01; ***p < 0.001). The three groups
were compared in the prestimulation and stimulation conditions by ANOVA. With a main effect of cell group for each condition indicated by *, post hoc comparisons were performed, using Fisher’s Least
Significant Difference test (according to which 1 indicates significant differences relative to the Nb™/ChAT™" cell group and § to significant differences relative to the Nb*/ChAT™ “on” cell group).

PPeristimulus histogram (PSH) measurements of average discharge rate.
“Interspike interval histogram (ISIH) measurements of the instantaneous firing frequency.
4Autocorrelation histogram (ACH) measurements of rhythmic discharge.

“Spike-triggered average (STA) measurements of unit-to-EEG cross-correlation frequency.

stimulation (five cluster, three burst, and two tonic). As was the
case for the cholinergic cells, the mean frequency of the unit
rhythmic discharge (from the ACH) and the unit-to-EEG cross-
correlation (from the STA) tended to be slower than those of the
mean dominant EEG spectral peak from the retrosplenial cortex
for the noncholinergic “on” cells, and the rhythmically discharg-
ing noncholinergic “on” cells did not differ from the cholinergic
cells in this regard (Table 3). Similarly, the rhythmic activity of
some noncholinergic units, like those of some cholinergic units,
more closely matched the dominant spectral peak from the pre-
frontal cortical field potential (n = 5) than from the retrosplenial
EEG (n = 2).

Nb "/ChAT ~ “off” neurons were heterogeneous in their firing
patterns (data not shown). However, as reflected in the mean
predominant instantaneous firing frequency (from the ISIH),
many discharged phasically in high-frequency bursts during pre-
stimulation and virtually ceased firing during stimulation (Table
3). They accordingly differed from the cholinergic cells in their
mean instantaneous firing frequencies (from the ISIH) in both
the prestimulation and stimulation conditions, reflecting an al-
most mirror image to that of the cholinergic cells in the changes
of firing frequencies and patterns with stimulation. Some Nb ™/
ChAT ™ “off” cells also showed rhythmic discharge and signifi-
cant cross-correlation with the EEG during stimulation at fre-
quencies that did not differ significantly from those of the
cholinergic cells (Table 3).

DISCUSSION

To our knowledge, the present results document for the first time
the discharge properties of immunohistochemically identified
basal forebrain cholinergic neurons in vivo and in relationship to
EEG activity. All Nb*/ChAT™ neurons increased their dis-
charge rate, and the majority shifted from a tonic or irregular
discharge to a robust rhythmic bursting discharge pattern in
association with cortical activation. Moreover, in the majority of
Nb */ChAT™ neurons their discharge was cross-correlated tem-
porally with the stimulation-induced rhythmic slow activity in the
EEG at frequencies that matched the prominent activity of the

retrosplenial or the prefrontal cortex. These data indicate that
cholinergic basal forebrain neurons have the capacity to modulate
their cortical target areas rhythmically at particular frequencies
during cortical activation.

Previous in vitro studies established that identified cholinergic
neurons discharged in two intrinsic modes, a tonic mode and a
rhythmic bursting mode, which is subtended by calcium conduc-
tances (Khateb et al., 1992; Alonso et al., 1996). From the in vitro
data it could not be ascertained whether the bursting activity
would be associated with EEG activity of slow wave sleep, as is
the case for the thalamocortical neurons (for review, see (Steriade
and Llinds, 1988; Steriade et al., 1994), or that of cortical activa-
tion normally occurring during waking and paradoxical sleep
(Khateb et al., 1992). Indeed, previous in vivo studies in anesthe-
tized animals had reported phasic discharge in chemically uniden-
tified basal forebrain neurons in association with irregular slow
activity (Nufiez, 1996; Detari et al., 1997). Here, we found in the
urethane-anesthetized rat that identified cholinergic cortically
projecting neurons discharged in rhythmic bursts in association
with stimulation-induced cortical activation, which was evidenced
by an increase in high-frequency gamma activity and the appear-
ance of rhythmic slow (theta-like) activity on the EEG. The
rhythmic discharge was cross-correlated with the rhythmic slow
activity, suggesting that it may be induced by the cholinergic
neurons. The rhythmic slow activity on the retrosplenial cortex
occurs at the same frequency as that of hippocampal theta activity
in urethane-anesthetized rats; it is generated locally in the retro-
splenial cortex but is dependent on input from basal forebrain
cholinergic neurons (Holsheimer, 1982; Borst et al., 1987; Leung
and Borst, 1987). Here in many units the rhythmic discharge did
not correspond to the dominant spectral peak of the retrosplenial
cortex but, instead, to a lower-frequency secondary peak of the
retrosplenial cortex and prominent spectral peak of the prefrontal
cortex. Although it is not possible to say what the frequency of
this rhythmic slow activity in the prefrontal cortex would be in the
unanesthetized animal, it could correspond to activity at the
lower end of the theta band, given the relatively slow frequency of
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the theta activity recorded over the retrosplenial cortex in the
anesthetized animal. In any event, the current results suggest that
during activation different subsets of basal forebrain cholinergic
cells with different cortical target areas may discharge rhythmi-
cally at different frequencies and modulate their cortical target
areas at those particular frequencies.

Similar to the significant increase in the prominent EEG peak
frequency found here for both the retrosplenial and prefrontal
cortex with stimulation-induced cortical activation, an increase in
peak frequency in the EEG has been documented for all cortical
leads with cortical activation in freely moving rats (Maloney et al.,
1997). The increased low-peak frequency parallels increased
gamma activity across cortical regions in association with active
waking behaviors and paradoxical sleep. During active waking
the peak frequency is significantly slower over the anteromedial
frontal cortex (and parietal cortex) with a mean frequency of ~4
or 5 Hz (low theta band activity), as compared with the retro-
splenial (or posterior) cortex with a mean frequency of ~7 Hz
(high theta band activity) (Bringmann, 1995; Maloney et al., 1997;
our unpublished results). These results indicate that during active
waking theta band activity occurs across all cortical regions al-
though, on average, at differing frequencies across those regions.
However, during coordinated olfactomotor behaviors (involving
investigative sniffing) rhythmic slow activity in the olfactory bulbs
can become coupled loosely to theta in the hippocampus at the
same frequency (Macrides et al., 1982; Vanderwolf, 1992). Dur-
ing paradoxical sleep theta activity is also evident at similarly high
frequencies from all cortical leads (Parmeggiani and Zanocco,
1963; Maloney et al., 1997). Viewed together with the results of
the present study, it would appear that different subsets of cho-
linergic basal forebrain neurons with different primary cortical
projections may discharge rhythmically at particular theta band
frequencies in association with some behaviors but also have the
possibility of discharging at similar theta band frequencies during
certain behaviors or states to permit coherent phasic modulation
across allocortical and neocortical areas for coordination of sen-
sory, motor, and higher order processes.

Although identification of units recorded in vivo in the medial
septal-diagonal band (MS-DB) complex as cholinergic has not yet

<«

Figure 6. 1. Discharge pattern of Nb */ChAT " neuron (#98812009/10)
in the SI (see Fig. 3B). 4, EEG (from retrosplenial cortex) and (B)
peristimulus histogram (PSH) of the mean rate of discharge (in spikes per
sec) before and during stimulation of the animal. C, EEG and (D) unit
discharge traces are expanded for both prestimulation and stimulation
conditions (left and right). Note the change from an irregular discharge
pattern to a rhythmic burst-like discharge pattern in addition to the
increased rate of discharge and in association with a change in EEG
activity with stimulation. II. EEG and unit analysis during prestimulation
and stimulation conditions. A4, Autocorrelation functions (ACF; with
correlation coefficients on vertical axes) of the prestimulation and stimu-
lation EEG recordings and corresponding power spectra. B, Autocorre-
lation histograms (ACH; with correlation coefficients on vertical axes) of
prestimulation and stimulation unit spike trains and insets of correspond-
ing interspike interval histograms (ISIH). A power spectrum is shown
(inset) for the stimulation ACH in which rhythmic activity is apparent. C,
Spike-triggered averages (S7A) of unit-EEG cross-correlation (with mV
on vertical axes) for actual unit (black line) and randomized spike train
(gray line). A power spectrum is shown (inser) for the stimulation STA in
which the actual unit-EEG function was significantly different from the
randomized spike train unit-EEG function (Wilcoxon test; *p < 0.05).
Note with stimulation the appearance of cross-correlated EEG and unit
rhythmic activity with a peak frequency of ~2 Hz, which did not corre-
spond to the prominent EEG rhythmic slow activity or spectral peak but
did correspond to a secondary peak in the EEG power spectrum.
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Table 4. Correspondence of rhythmic discharge frequency with the
dominant EEG spectral peak frequency from retrosplenial (RS) or
prefrontal (PF) cortical EEG during stimulation in cholinergic cells”

Frequency (Hz)

Unit activity

matches dominant RS domi- PF domi-
spectral peak n  Unit ACH nant peak nant peak
RS 2 353x023 3.35+045 2.50 = 0.30
PF 5 1.94 £0.22%* 3312018 201 %022

“Mean = SEM are presented and compared between RS and PF groups by Student’s
t test (*p < 0.05; **p < 0.01; ***p < 0.001).

been achieved, most units therein, including possibly cholinergic
units, discharge rhythmically in relation to hippocampal theta in
the urethane-anesthetized rat (Brazhnik and Fox, 1999). In the
present study a minority of the cholinergic cells discharged in
relation to the retrosplenial, equivalent to hippocampal rhythmic
slow activity; the majority discharged in relation to the slower
prefrontal rhythmic slow activity. Cells in both groups were
located in the magnocellular preoptic nucleus (MCPO) and sub-
stantia innominata (SI) and could be activated antidromically
from prefrontal cortex, thus not being differentiated by their
location or course of cortically projecting fibers. Yet their differ-
ent frequencies of rhythmic discharge suggest different subsets of
cells distributed along the continuum of cholinergic MS-DB:
MCPO-SI neurons, which are known to be organized topograph-
ically according to their primary cortical projections (Bigl et al.,
1982; Rye et al., 1984; Saper, 1984). However, the cortically
projecting cell groups also are overlapping in the basal forebrain,

Figure 7. EEG and unit analysis for Nb */
ChAT* MCPO neuron (#980070021/23)
during stimulation. A4, Representative
traces showing retrosplenial (RF') and pre-
frontal (PF) cortical leads recorded simul-
taneously with unit. B, Autocorrelation
functions and histogram (ACF, ACH) of
§ respective recordings. Note that the unit
rhythmic discharge most closely matches
i the rhythmic activity of the prefrontal cor-
Y tex. C, Power spectra of EEG leads and
X unit ACH indicating that the rhythmic dis-

> ; : charge of the unit closely matches the
dominant peak frequency of the prefrontal
cortex, whereas it matches a secondary
peak of the retrosplenial cortex. D, Spike-

' RN A T I i triggered averages (S7A4) of unit-EEG

\ cross-correlation for both retrosplenial and
W prefrontal cortices (with normalized units
on vertical axis) for actual unit (black line)
and randomized spike train ( gray line).

and their axonal terminal fields are overlapping in the cerebral
cortex by fine collaterals extending beyond their primary cortical
projection areas (Boylan et al., 1986; Luiten et al., 1987; Okoyama
et al., 1987; Gritti et al., 1997), thus being disposed in a manner
to provide an integrated, in addition to a particularized, influence
on cortical targets.

In vivo experiments in freely moving, naturally sleeping-wak-
ing rats that used microinjections of neurotransmitters or their
agonists into the basal forebrain cholinergic cell area also have
indicated that the bursting discharge of the cholinergic cells
would be associated with theta band in parallel with increased
gamma band EEG activity (Cape and Jones, 1998; Jones and
Muhlethaler, 1999). NMDA, which in vitro induces rhythmic
bursting by the cholinergic cells (Khateb et al., 1995, 1997),
produced an increase in theta and gamma band EEG activity
across cortical regions (Cape and Jones, 1994; Jones and Muhle-
thaler, 1999; our unpublished results). Similarly, neurotensin,
which generates intense and extended rhythmic bursting dis-
charge in vitro by the cholinergic cells (Alonso et al., 1994),
evoked cortical activation with increased theta band EEG activity
across cortical regions and in association with increases in wake
and paradoxical sleep states (Cape et al., 1996, 1999; our unpub-
lished results).

Burst discharge by the cholinergic neurons likely acts to in-
crease the probability of neurotransmitter release, particularly
along collateralized axons (Hessler et al., 1993; Lisman, 1997).
The burst discharge in addition to an increased rate of discharge
by the cholinergic neurons could underlie the documented in-
creased ACh release during active waking and paradoxical sleep,
as compared with slow wave sleep (Celesia and Jasper, 1966;
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Jasper and Tessier, 1971; Marrosu et al., 1995). Whether the
phasic release of ACh in the cortex or hippocampus would, in
turn, drive cortical activity directly in a phasic manner has not yet
been established and would appear unlikely, because muscarinic
actions are slow (McCormick and Prince, 1986). Nonetheless, a
sustained muscarinic-induced depolarization can bring cortical
interneurons and pyramidal cells close to firing threshold, where
many of them express theta-like, as well as gamma-like, sub-
threshold oscillations (Llinas et al., 1991; Silva et al., 1991; Me-
therate et al., 1992; Klink and Alonso, 1993). However, it is also
possible that phasic modulation could be subtended by the rela-
tively fast muscarinic and/or nicotinic action on cortical interneu-
rons (McCormick and Prince, 1986; Roerig et al., 1997; Xiang et
al., 1998; Porter et al., 1999). The slow rhythmic modulation
might serve as an envelope for faster gamma activity, facilitating
the coherent discharge of spatially distant but functionally related
cortical neurons (Singer, 1993).

In addition, theta activity and cholinergic actions also have
been shown to modulate synaptic plasticity and retrieval dynamics
in hippocampocortical networks, where these processes are be-
lieved to underlie memory (Larson et al., 1986; Metherate et al.,
1988; Metherate and Ashe, 1991; Huerta and Lisman, 1995; Klink
and Alonso, 1997; Wallenstein and Hasselmo, 1997; Kilgard and
Merzenich, 1998; Fransen et al., 1999).

Noncholinergic neurons

In contrast to the cholinergic neurons, noncholinergic neurons
were physiologically and morphologically heterogeneous, includ-
ing a minority that decreased (“off”) in addition to the majority
that increased (“on”) their discharge rate with stimulation and
including small, potentially, locally, or diencephalically projecting
cells (Gritti et al., 1994) in addition to medium-to-large cortically
projecting cells (Gritti et al., 1997). The largest proportion of
noncholinergic “on” cells discharged tonically and would corre-
spond accordingly to the major cell type reported in sleep—wake
recording experiments in which most chemically unidentified
basal forebrain cells simply discharged at higher rates during
waking or paradoxical sleep than during slow wave sleep (Detari
et al., 1984; Szymusiak and McGinty, 1986, 1989; Detari and
Vanderwolf, 1987). Another minor proportion of the noncholin-
ergic “on” cells discharged in a rhythmic manner, particularly in
a cluster discharge pattern resembling that described for noncho-
linergic neurons recorded in vitro (Alonso et al., 1996). Among
the noncholinergic “off” cells was a proportion that discharged

<«

Figure 8. 1. Discharge pattern of Nb "/ChAT ~ neuron (#98629000) in
the MCPO (see Fig. 3C). A, EEG (from retrosplenial cortex) and (B)
peristimulus histogram (PSH) of the mean rate of discharge (in spikes per
sec) before and during stimulation of the animal. C, EEG and (D) unit
discharge traces are expanded for both prestimulation and stimulation
conditions (left and right). Note the change from an irregular discharge
pattern to a tonic discharge pattern and slightly increased rate of dis-
charge in association with a change in EEG activity with stimulation. II.
EEG and unit analysis during prestimulation and stimulation conditions.
A, Autocorrelation functions (ACF; with correlation coefficients on ver-
tical axes) of the prestimulation and stimulation EEG recordings and
corresponding power spectra. B, Autocorrelation histograms (4ACH; with
correlation coefficients on vertical axes) of prestimulation and stimulation
unit spike trains and insets of corresponding interspike interval histo-
grams (ISIH). C, Spike-triggered averages (STA) of unit-EEG cross-
correlation (with mV on vertical axes) for actual unit (black line) and
randomized spike train (gray line). Note the lack of low frequency
rhythmic activity in the unit discharge and the absence of cross-correlated
unit-EEG activity with stimulation.
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phasically in bursts and often in association with the high-
amplitude irregular slow EEG activity. These could correspond
to cells identified in vitro as showing phasic discharge patterns and
being hyperpolarized by noradrenaline (Fort et al., 1998). They
also could, according to their size and antidromic activation,
correspond to cortically projecting slow wave sleep-active neurons
recorded in naturally sleeping-waking cats (Szymusiak and
McGinty, 1989).

In conclusion, cholinergic basal forebrain neurons discharge in
rhythmic bursts that may be important in mediating cortical
activation associated with active waking and paradoxical sleep
and in promoting the particular rhythmicity and coherent activity
in cortical networks that may facilitate processes of binding and
plasticity occurring during these states.
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