EEG Correlation of the Discharge Properties of Identified Neurons ir
the Basal Forebrain

A. DUQUE! B. BALATONI,? L. DETARI,> AND L. ZABORSZKY?
1Center for Molecular and Behavioral Neuroscience, Rutgers, The State University of New Jersey, Newark, New Jersey
07102; and?Department of Comparative Physiology, Eotvos Lorand University, H-1088 Budapest, Hungary

Received 22 March 2000; accepted in final form 30 May 2000

Duque, A., B. Balatoni, L. Detari, and L. Zaborszky. EEG corre- slow waves (SWA) at a frequency 6f0.1-0.3 Hz (pattern I,
lation of the discharge properties of identified neurons in the bagaly. 1A). Under deeper anesthesia, another characteristic pat-
forebrain.J NeurophysioB4: 1627-1635, 2000. The basal forebraigarn (pattern II, Fig. B) appears, in which deep-positive inac-
(BF) is a heterogeneous structure located in the ventral aspect of periods and short activations riding on deep-negative de-
cerebral hemispheres. It contains cholinergic as well as different ty, ctions alternate at a ratel Hz. This slow rhythm, first

of noncholinergic corticopetal neurons and interneurons, includi . . . . “
GABAergic and peptidergic cells. The BF constitutes an extrathg%scnbed by Steriade et al. (1993), is transformed into "burst-

lamic route to the cortex, and its activity is associated with an increadPPression” pattern by the deepening of the anesthesia. Dur-
in cortical release of the neurotransmitter acetylcholine, concomitdAg the continuous transition, inactive periods become longer
with electroencephalographic (EEG) low-voltage fast activitgnd rhythmicity is lost (Korkmaz and Wabhlstrom 1997; Ste-
(LVFA). However, the specific role of the different BF cell types hasiade et al. 1994). Slow rhythm can be observed during natural
largely remained unknown due to the lack of chemical identificatiasieep, and it is probably generated by the same mechanisms as
of the recorded neurons. Here we show that the firing rate of immigr anesthesia.

nocytochemically identified cholinergic and parvalbumin-containing The purpose of this study was to record extracellular single-

neurons increase during cortical LVFA. In contrast, increased neyAit activity in the BF that was related to these cortical EEG
ropeptide Y neuron firing is accompanied by cortical slow waves. Og

results, furthermore, indicate that BF neurons posses a distinct ter?l)-OChti Ir: ureth_'ctltn-aneszhezlz??hrats anéi jubsequengly deter'
poral relationship to different EEG patterns and suggest a m ne the transmitter content ot the recorded neurons by using

dynamic interplay within BF as well as between BF and corticd€ Juxtacellular labeling method of Pinault (1996) in combi-
circuitries than previous|y proposed_ nat|on W|th ImmunOStaInlng f0r Ch0|lne acety|tl’ansfel’ase
(ChAT), parvalbumin (PV), and neuropeptide Y (NPY).

INTRODUCTION METHODS

Basal forebrain (BF) areas, including the substantia innonfinimals and electrophysiology

(rj\ata (SI),’[. palllie/agéegiogsh (v_entrztal Ipﬂgﬂgﬁ} artl)d g;otﬁusdpalli— All procedures were carried out in strict accordance with guidelines
us), vertical ( ) an orizonta ( ) IMDS OF tN€ dlag-qe orth in the Public Health Service manual “Guide for the Use and
onal band and the m_ed'al _septum _Contgln a hetero_gene@é% of Laboratory Animals.” Male Sprague Dawley rats (250—-350 g;
population of neurons, including cholinergic, GABAergic proziyic miller Laboratories, Portersville, PA) were anesthetized with
jection neurons and putative interneurons (Gritti et al. 199gethan (1.2 g/kg ip, supplemented later as necessary) and placed in a
Zaborszky et al. 1999). Single-unit recordings in the BF istereotaxic apparatus with bregma and lambda leveled. All wound
combination with electroencephalographic (EEG) monitoringargins and points of contact between the animal and the stereotaxic
in anesthetized animals as well as during various behavi@gparatus were infiltrated with lidocaine solution (2%) and xylocaine
indicated that BF inputs to the neocortex are important Rintment (5%), respectively. Body temperature was kept at 37°C with
neocortical activation (Buzsaki et al. 1988; Detari et al. 199 n electric heating pad. The scalp and ove_rlylng_ fascia were retracted
Jimenez-Capdeville et al. 1997; Metherate et al. 1992; Nun %mtt:]'e Sk“f” a':dllsfmaltl tl’“rrthc"?s vl\éeégdnlledd_m bOX‘ :‘em'Sprt'er.es’
1996). However, the cellular mechanism of how the BF mogver € prefrontaiirontal coriex for recordings [Anteroposterior

. L . AP) +2.0—4.0 mm, lateral (L)-0.5-2.0, relative to bregma] and
ulates cortical activation remained largely obscure due to t§¢.r ihe BE [AP—0.3-(—1.0), L +2.4-3.2 mm, relative to bregma]

fact that these studies did not identify the recorded neurogs single-unit recordings. Simultaneous cortical EEG and single-cell
chemically or morphologically (Detari et al. 1999; Pang et aéxtracellular recordings from different BF areas including the HDB,
1998). the Sl and the globus pallidus (GP), were obtained. Recording elec-
In urethan anesthesia, several distinct EEG patterns cdemles were constructed from 2.0-mm-OD borosilicate glass capillar-
appear depending on the level of anesthesia (Detari et al. 19@%;(World Precision Instruments, Sarasota, FL) on a Narishige PE-2
Grahn et al. 1989). For example, under light anesthesia, periéiarishige, Tokyo, Japan) vertical pipette puller. The tips of the
with low-voltage fast activity (LVFA) alternate with epochs ofelectrodes were broken under visual guidance to approximately 0.5—
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A LR+ somas were developed for light microscopy using the Ni-
enhanced DAB protocol (Horikawa and Armstrong 1988) using ABC
WWM (Avidin-Biotin Peroxidase complex; Vector Laboratories, Burlin-
game, CA). Digital images were taken by using Adobe PhotoShop
with a Kodak M-35 camera attached to the microscope.

5s 0.5mv Data analysis

Most analysis was performed by using custom-designed software.
The average firing rate during stable EEG states was calculated by
averaging spikes per second for at least six 10-s-long periods of
artifact-free recording. Pre- and post-stimulus average firing rates
were calculated as spikes per second for 10-s periods before and after
stimulation. In each case, the mean interspike interval (1Sl), standard
16 Hz HP deviation (SD), standard error of the mean (SE), and the coefficient of
variation (CV) were calculated. Whether the changes in unit activity
occurred before or after the changes in EEG activity was investigated
by correlation analysis. Correlation coefficients were obtained from
comparing unit activity against zero-crossings in the EEG signal in a
1-s sliding window moved in 10-ms steps, for intervals of 40 s at a
time. The number of spikes was quantified in the same manner along
Fic. 1. Examples of 2 basic electroencephalographic (EEG) patterns t8e unit activity track. Correlation coefficients were calculated and the
corded under urethan anesthesia in FatEEG pattern |. Low-voltage fast values were plotted. The oscillatory nature of the EEG was investi-
activity (LVFA) alternates with epochs of slow waves at frequencies qjated by autocorrelograms, and the predominant frequency compo-
~0.1-0.3 Hz under the lightest level of anestheBigtop EEG pattern Il. This  nents were obtained from power spectra calculated using the fast
pattern, in which slow wave activity predominates, is caused by deepegrier transform function of the Origin 6.0 software package (Mi-
anesthesiaBottom the same EEG pattern |l period filtered with a high pasg, .| software, Northampton, MA). The oscillatory nature of the unit
filter at 16 Hz to illustrate the location of high frequencies in the deep negative .. . S '
components of this pattern. In this and all subsequent EEG records d ity was investigated by autocorrelqgrams (Perkel et al. 1967) and
positive is up. Scale bars apply to bodrandB. mb periodograms (Kaneoke and Vitek 1996) of the unit firing.
Bursty cells were defined as having a burst index (81)0.5 and
1.5 um in diameter, and they had in vitro impedances of 15-2% Mperiods that contained three or more spikes which together, signifi-
when filled with 0.5 M NaCl containing 5% biocytin. Following cantly outweighed the number of spikes in other equally long periods
extracellular recordings, neurons were juxtacellularly labeled by aip-the spike train. Regular and random neurons were defined by Bl
plying 2- to 10-nA, 200-ms current pulses for 8—20 min using art0.5. In all cases, the classification was also done according to the
IR-183 Neurodata amplifier (Neurodata Instruments, New York, NY$hape of the unit firing autocorrelograms (Perkel et al. 1967).
Transcortical EEG recording electrodes consisted of bipolar stainless
steel enamel coated wires (California Fine Wire, Grover Beach, C?)E SULTS
approximately 10Qum in diameter. The superficial electrode touche
the pial surface, while the deep one was located in the pyramiqahtabase, selection criteria
layer. Both, EEG and single-unit signals were simultaneously ampli-
fied, filtered, and recorded using standard equipment. From preliminary experiments, in which BF neurons were
recorded without EEG monitoring, 47 cells were recovered
Perfusion

ChAT
Animals were perfused with 150 ml saline followed first by 200 mt PV

of 4% paraformaldehyde, 15% picric acid, and 0.5% glutaraldehydeypy
(GA) and then by 200 ml of the same fixative without the GA. Braing other
were postfixed overnight in the second fixative.

Immunocytochemistry

Coronal sections 5@:m thick were cut through the BF with a
Vibratome®. Sections were incubated overnight in avidin conjugated
lissamine rhodamine (LR) (1:500; Jacson ImmunoResearch Labs,
West Grove, PA). The recorded and biocytin filled (ERneuron was
found using an epifluorescent microscope. Stained somas were se-
guentially immunostained for the presence of ChAT followed by PV
and NPY. For ChAT a monoclonal rat anti-ChAT antibody was used
(Rat anti-choline acetyltranferase; 1:10; 2 overnights at 4°C; Boehr-
inger Mannheim, Mannheim, Germany). For PV and NPY rabbit Fic. 2. Rostrocaudal coronal sections depicting the locations of labeled
polyclonal antibodies were used (Rabbit anti-PV; 1:1000; 2 ovepasal forebrain neurons. The numbers represent the designated neuron identi-

; o i ; ; ; fication as they appear in all other places of this paper. The symbols represent
ggs;:t éact:)'bil':":i?]lt)i/ erlgy(lding% Dzr'oiéﬁ?éwtzrlg?iogarggmr ifferent types of neurons as indicated in the figure. CP, caudate-putamen; GP,

. - - fbbus pallidus; S, substantia innominata; HDB, horizontal limb of the diag-
Laboratories, Belmont, CA). Visualization of ChAT, PV, and NPYyna| hand of Broca: f, fornix; ox, optic chiasm; sm, stria medullaris: ic, internal

was done with a secondary antibody conjugated to fluorescein ig@psule.A: rostral section about-0.8 mm from bregmaB: caudal section
thiocyanate (FITC) (FITC conjugated goat anti rat/rabbit; 1:100; 4 dbout—1.3 mm from bregma. Both sections were obtained and modified from
at RT; Jacson ImmunoResearch Labs, West Grove, PA). Finally, the atlas of Paxinos and Watson (1998).
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Fic. 3. Photographs of labeled basal forebrain neurons. The 1st 4 A3 depict neurons with identified transmitter. Of
these, each row shows the same neuron; the 1st colan, (G, J displays the immunocytochemical identification of the neuron
using a secondary antibody conjugated to fluorescein isothiocyanate (FITC). The 2nd cBlurH( K) depicts the single cell
juxtacellularly labeled with biocytin and visualized with avidin conjugated lissamine rhodamine. The 3rd c@ufr,(L) shows
the neuron developed with nickel enhanced diaminobenzidine (Ni-DAB). The lastMe®)(depicts neurons that were negative
for both choline acetyltransferase (ChAT) and parvalbumin (PV; labgledieveloped with Ni-DAB. The numbers correspond to
the cell identification. NPY, neuropeptide Y. Scale bar:68, applies to all photographs.

successfully (73% success rate) but only 3 céflBER, 073R, tempted in 37 of these neurons, of which 29 were recovered

020D), in which the neurotransmitter content was identified, asiccessfully (78% success rate). In each case, only a single cell
included here. In subsequent experiments, 104 BF cells wevas labeled; 11 cells from this study are reported in this paper,

recorded together with EEG monitoring. Labeling was atncluding 5 cells with identified transmitter. From the 11 neu-



1630 A. DUQUE, B. BALATONI, L. DETARI, AND L. ZABORSZKY

rons recorded with EEG, 3 of the cells were observed duripplar cell bodies with three to seven generally thick and
both EEG patterns | and IL@8R, 133R, 059..3 neurons were smooth primary dendrites. Distal dendrites were usually vari-
only recorded during pattern II1{6R, 059R, 048Land 5 cose and varied from occasionally spiny to heavily spiny. Since
neurons 062R, 134R, 061L, 058R, 126Rere recorded ex- the axons of these neurons could be traced for a relatively long

clusively during pattern I. distance with only a few local axon collaterals, we hypothesize
that these neurons may represent projection neurons.
Localization and morphology of neurons Firing rate and EEG correlation

From the 14 neurons, 7 were located in the HDB, 4 in the GP Analysis of EEG pattern | revealed that unit firing rate
along the internal capsule and 3 in the SI. Anatomical locahcreased during spontaneous LVFA when compared with its
ization and immunohistochemical identification of neurons a@WVA counterparts in five of eight cases, includifwplinergic
shown in Fig. 2 and Fig. 3, respectively. Cholinergic neuromseuron 062Rand PV neuron 128RIn the other three cells,
(04R, 062R, 116fhad triangular-to-round shape cell bodies ofhcluding the two NPY neurons anckll 061L, where NPY
18-25X 11-17 um. The thick 3-5 primary dendrites werestaining was not attempted, the LVFA was accompanied by a
smooth and gave rise to higher order branches that becaseerease in firing rate. Firing rates varied considerable, even
varicose, with a few spines. The main axon gave rise to sevedaking the same EEG epochs, ranging between 0 and 12 Hz
collaterals bearing very fine en passant varicosities withduring SWA and 0 and 22 Hz during the spontaneous LVFA.
0.2—0.3 mm volume around the cell body. PV neuro®20L, The average firing rates are shown in Table 1. In all cases, even
073R, 128Rhad oval cell bodies of 25-38 8-12um and short temporary changes in the level of cortical activation were
usually five or more smooth primary dendrites, which gave riseatched by a modification in neuronal activity in the BF as
to higher order branches, in a rather rectangular branchisigown in parallel changes between the number of zero cross-
pattern. Distal dendrites became modestly varicose with océags of the EEG and that of the spikes per second (Fig. 4).
sional spines and complex appendage-like endings. Dependingll six cells (ChAT cell 116R; PV cell 128R, NPY neuron
on the location, the main axon gave rise to various amounts@#9R, unidentified cells 048L, 059L; 133tecorded during
local collaterals. One of the NPY cell bodi€350R was small EEG pattern Il, fired predominantly during the most active
(8 X 4 um), oval shaped, with two main dendrites, the othgyeriods of this pattern as evidenced by the spike triggered
one (L34R was large (30X 15 um), multipolar, with five waveform averages (not shown).
primary dendrites. The axon of the small NPY cell showed The firing rate changes, during both EEG patterns investi-
numerous local collaterals with irregularly spaced small bogated, were always found to be statistically significait<(
tons. In contrast to this, the axon of the large NPY neurdh05) when 10-s periods before and after stimulation (tail
divided into two main branches that were traced as far as thiech) were compared. However, in many cases (O62R,
dorsal thalamus and the amygdala, respectively. The axonl@BR, 133) the statistical significance was lost when firing
this neuron had relatively few local collaterals. Six neuronsates were averaged at least for 1 min before stimulation (Table
which were negative both for ChAT and PV, were charactet), and these values were compared with firing rates after tail
ized by relatively large (20—2% 12—-20um), mostly multi- pinch.

TABLE 1. Physiological characteristics of identified basal forebrain neurons

Average Firing Rate, spikes/s

Rhythmic Intraburst Timing with
ID-Transmitter-EEG Pl Pl Firing Rate TP Frequencies, Hz  Frequency, Hz Firing Pattetn EEG, ms
116RChAT-PII N/A 14.4+ 0.22 N/A 0.1 26.2+ 1.69 Bursty +159
062RChAT-PI 5.6+ 0.23/0.0 N/A 5.0+ 0.01 N/A N/A Random —405
004RChAT® 12.2+0.08 N/A N/A N/A N/A Random N/A
128RPV-PI, PII 10.8+ 1.4/ 3.5+ 0.34 9.6 0.74;2.28 143+ 0.3 Bursty/Bursty —153; +210
2.33+0.79 1.13;2.12;
4.5; 8.20
073RPV® 14.8+ 0.49 N/A N/A 1.6 15+ 0.26 Bursty N/A
020L-PV* 40.0+ 0.44 N/A N/A N/A N/A Regular N/A
134RNPY-PI 0.0/13.1+ 1.22 N/A silent 1.4; 20.88 19.1+ 0.46 Bursty +87
059RNPY-PII N/A 0.3+ 0.02 silent N/A N/A Random +40
061L-PI 0.0/6.5+ 0.76 N/A silent N/A N/A Random +112
133L-PI, PII 4.2+ 0.43/0.0 0.4+ 0.02 3.3+ 0.74 N/A N/A Random/Bursty +596; +24
058RPI 16.3+ 1.75/ N/A 20.6*+ 0.8 0.4 18.3+ 2.7 Random +663
11.9+ 041 5
059L-PI, PII 6.7+ 0.57/ 4.3+ 0.58 8.3 0.75; 1.87; 26.4+ 1.94 Random/Bursty —1010;+118
3.2+0.2 2.19
126RPI 10.7+ 1.68/ N/A N/A N/A N/A Regular —636
8.95+ 1.60
048L-PlI N/A 22+0.21 N/A 0.4; 0.75 6.8 0.60 Bursty +446

Where applicable, values are meahsSE. Average firing rate for electroencephalographic (EEG) pattern | (PI) is reported for low-voltage fast activity/slow
waves, respectively. Values for Pl are bold. Pll, EEG pattern II; TP, tail pinch; N/A, not applicable; ChAT, choline acetyltransferase; PVnpaniiby,
neuropeptide Y2 Significant peaks in the Lomb periodograits defined inMeTHoDS. © These units were assumed to be recorded under EEG patte@mly
two 10-s periods were analyzetDuring tail pinch.
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FIG. 4. Unit activity of identified basal forebrain (BF) neurons and its relationship to cortical EEG. In each cas&pram
bottom EEG shows the electrical activity recorded from the prefrontal/frontal cortex. ZCR/s depicts the histogram of the 0
crossings per second as a means to quantify the wave content of the EEG. Spikes/s shows the histogram of the spikes binned by
1 s overlapping intervals. Areas indicating above the average values are filled in the 2nd and 3rd rows. The 4th row shows the
corresponding unit activity from the recorded céleft (A, C, B): the unit activity vs. EEG relationship is shown while the EEG
changes spontaneously from low-voltage fast activity (LVFA) to slow waRéght (B, D, F): the corresponding relationship is
shown when EEG LVFA is induced by a tail pinch (TR)andB: a cholinergic cell that was always firing at a higher frequency
during EEG LVFA.C andD: a parvalbumin-containing cell that also fires at a higher frequency during the EEG LVFA but with
a much higher firing rate as compared with the cholinergic éedndF: a neuropeptide Y neuron that always fires at a higher
frequency during the EEG slow waves and that stays silent during strong EEG LVFA.

Timing of neuronal and EEG changes was carefully an#iiree unidentified neuron®%8R, 133R, 061).changes in the
lyzed in both EEG patterns. In EEG pattern |, frequenaynit firing occurred following those in the EEG (Fig. Igft).
increase preceded the onset of LVFAcimolinergic cell 062R, On the other hand, changes in the unit firing followed the
in PV-containingneuron 128Rand in one of the cells with cortical events in all cells analyzed during EEG pattern Il (Fig.
unknown transmitterl26R). In contrast, iNNPY cell 134Rand 5, right). In all cases, time lag between neuronal and cortical
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A ChAT neurons B correlation coefficients in Fig. 5. Interestingly, RV cell 128R
o 1.00 andunidentified neuron 059lincrease of firing rate switched
062R .. 116R § from preceding the EEG changes in pattern | to following them
in pattern Il (Fig. 5,C andD).

El

-2000 | 2000 -2000 2000 o
time (ms) time (ms) Unit firing pattern

Based on the autocorrelogram (Perkel et al. 1967) of the unit
1.00 100 firing and the burst index calculated according to Kaneoke and
Vitek (1996), many neurons could be classified as bursty
C PV neuron D (Table 1); however, this pattern was not unique to any partic-
1.%& 1.00 ular class of neurons. Although in EEG pattern | bursts oc-
128R . 128R curred both during LVFA and SWA, in pattern Il they often
] co-occurred with the active dips of the EEG. It was also
noticed, that burst firing was usually lost when the EEG
2000 772000 -2000 2000 switched to a more activated pattern. High-frequency bursts
) time (ms) time (ms)  \vere particularly apparent iRV cell 128Rand in NPY cell
134R.
1,001 .00 In half of BF units, grouping of spikes showed rhythmicity.
Using the Lomb algorithm, several statistically significant
E NPY neurons F (P < 0.05) peaks indicating periodicity of unit discharges were
134R 1.00 059R 1.00 detected (Table 1). For example,RV cell 128Rbursts of four
to six spikes displayed rhythmicity at2 Hz (intraburst fre-
guency~14 Hz) during both spontaneous as well as tail-pinch-
induced EEG activation (Fig.B. With deeper anesthesia,
-2000 T 2000 -2000 " 2000  When EEG pattern Il was predominant, short pauses in the
., lime (ms) time (ms)  gpjke train alternated with short bursts (2—4 spikes, intraburst
ajee 0 frequency 50-300 Hz) and single spikes that were separated by
.00 1,00 150-250 ms. One of the two low-frequency rhythms that was
detected in the Lomb periodogram as a significant peak (1.13
G Unidentified neuron H Hz) may correspond to the alternating flat and active periods in
1.00 1.00 the EEG. The other significant peak (4.5 Hz) may correspond
133L T 133L to the rhythmic short bursts occurring during the active periods
.. ] (Fig. 6A). NPY neuron 134Rhowed burst firing-20 Hz with
a superimposed slow rhythm atl.4 Hz (Fig. &; Table 1).
2000 2000 2000 2000  Several neurons displayed rhythmic firing<at Hz, including
time (ms) time (ms)  cholinergic cell 116R, PV cell 128Rand threeunidentified
neurons 058R, 059L, 048L.

L4 o

-1.00 -1.00

Fic. 5. Plotted correlation coefficients for the O crossings vs. the unit firin@. | SCUSSION

Each point corresponds to a 40-s-long period where a 1-s sliding window was used . - .
to count the 0 crossings and the corresponding number of shiiée@A, C, E, G: The close correlation between the timing of changes in the

the correlation was calculated while the EEG was in pattern | as shown in&ig. Unit firing and the EEG lends support to the previous notion

Right(B, D, F, H): the correlation was calculated while the EEG was in pattern '(Metherate et al. 1992) and a recent report (Manns et al. 2000)
as shown in Fig. B. A andB: cholinergic neurong\: since all the points are in the : ; : ; :
upper left quadrant of the correlation vs. time plot, the correlation indicates that %at BF neurons, InC|Ud|ng ChO"nergIC cells, pIay an important

change in unit firing precedes the change in EEG pattern (mediad05 ms) B: e in shaping cortical activation. In addition to choli'nergic

since all the points are in the upper right quadrant the correlation indicates thatfi@urons, the one PV cell that was recorded together with EEG,
changes in unit firing follow the EEG changes (mediaii59 ms).C andD: PV showed acceleration during activated EEG events. On the other
neuron. As for the previous case, the correlation indicates that the increased fiﬂ%d NPY-containing neurons displayed the opposite relation-

precedes (medias —153 ms) the change in EEG in patterrQ) (while it lags . P . .
(median— 210 ms) the EEG changes in patternD)(E andF- NPY neuronst: ~ SMIP: these neurons reduced their firing rate during EEG acti-

because the points are in both the left and the right side of the lower quadrants,\/tﬁéion-
correlation indicates that the unit activity during EEG pattern | can either precedeData correlating EEG with discharge profiles of nucleus
or lag (median= 87 ms) the changes in EEG activity but that in both cases th§gsalis neurons (Buzsaki et al. 1988; Detari and Vanderwolf

firing rate is increased during the EEG slow wave actiWtyduring EEG pattern . D; . ; ; _
II, the NPY cell firing occurs lagging the EEG changes (media#0 ms).G and 1987; Pirch et al. 1986; SzmeSIak and McGinty 1989)’ to

H: unidentified neuronG: during EEG pattern I, unit activity lags EEG changeJether with eleCtrophySiOI.C’gical evidence that ac_ety|Ch0|ine
(median= 596 ms), but during EEG pattern IH), the time lag is reduced (ACh) acts as a slow excitatory neurotransmitter in the neo-

(median= 24 ms). cortex (Sillito and Kemp 1983), have been taken as support for
the hypothesis that the nucleus basalis provides a steady back-
changes obtained from the cross-correlograms displayed mgebund of neocortical activity that may enhance the effects of
less variability and much shorter values during pattern Il (usather afferents to the neocortex. Due to the anatomical com-
ally <100 ms), as indicated by the more compact clustering plfexity of the BF, establishment of unequivocal electrophysi-
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A PV neuron 128R in EEG-PII

EEG
0.78 Hz 1.0
1.17 Hz /\J\j\;ﬁiAC

S
500 mV 0 3 0 3 . .. . e
. . is ~ Fle. 6 Spike flrlng patterns o_f identified BF neurons
Unit activity ) in relation to cortical activity during urethan anesthesia.
Unit-AC In each case: a 10-s-long EEG trace is shown with the
corresponding 10-s-long spike train underneath (unit
activity). Scale bars apply to both EEG and unit activity
s in each case. The corresponding power spectrum of the
01 2 3 EEG (pEEG); autocorrelogram of the EEG (EEG-AC);
Lomb periodogram of the unit firing (Lomb); and spike
autocorrelogram (unit-AC) shown on théght. The
B PV neuron 128R after TP horizontal line in the Lomb periodograms denotes the
EEG-AC  significance level oP = 0.05.A: a PV neuron recorded
EEG under EEG pattern Il shows1 similar peak of rhyth-
mic activity both in the EEG (1.17 Hz) and the spike
MWMWMMWMW train (1.13 Hz), although both spectra also show other
s rhythms that are not shared. The complex shapes of the
3 [ 3 EEG-AC and the unit-AC show that there are more than
one rhythm present in both cases. Also notice that the
Unit activity 212 Hz 25 Unit-AC  unit activity is coincident with the dips of the EEG
‘ | Lomb waves that correspond to the high-frequency compo-
T O o Y nents of this patterrB: the same neuron after stimula-
‘ \‘ | } i ‘ ‘ tion has now become more rhythmic as shown by the
‘1 1 e T Lomb periodogram (peak at 2.12 Hz) and also by the
‘ ‘ 0] S very periodic unit-AC. However, the rhythmicity seems
‘ ‘ RET 0o 1 2 3 t : - s dekald :
0 be independent of the cortical activity since there is
no similar peak seen in the pEEG: an NPY-positive
C NPY neuron 134R neuron whose unit activity is very rhythmic, as evi-
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ological signatures of the different basal forebrain neurowsiced EEG activation. Moreover, burst firing was not charac-
would enormously facilitate clarification of the role played byeristic for any cell type identified in our study. Furthermore
this area in the regulation of cortical activity. Although initialthe stimulation-induced rhythmic burst firing of a PV neuron in
studies reported heterogeneity in the antidromic latencies afr study was remarkably similar to the cholinergic neurons
basalocortical neurons, a proper assignment of these dataléscribed by Manns et al. (2000). Although our study investi-
cholinergic or GABAergic neuronal populations was equivocalated very closely the temporal relationship between unit firing
due to the lack of chemical identification of the recordednd EEG, cholinergic neurons were in the same category as PV
neurons (Aston-Jones et al. 1985; Detari and Vanderwolf 19&hd unidentified neurons that increased their firing preceding
Reiner et al. 1987). According to the in vitro finding by Alons@hanges of the EEG. These findings indicate that a more
et al. (1996), cholinergic neurons possess a low-voltage Gadensive database of identified cells is needed before electro-
mediated burst mechanism, while noncholinergic cells lackphysiological criteria can be used to reliably distinguish dif-
but show a rhythmic clustered spike discharge. A recent stufiyent BF cell types.
described that the majority of cholinergic neurons shifted from In earlier studies reporting EEG-related changes in neuronal
a tonic or irregular discharge to a robust rhythmic burstingctivity in the BF, most of the cells were found to have higher
pattern in response to tail-pinch-induced stimulation (Mannsfaing rate during fast cortical activity, hence termed F cells
al. 2000). However, they also noted that cholinergic neurofBetari and Vanderwolf 1987; Detari et al. 1997; Dringenberg
did not differ physiologically from some of the noncholinergiand Vanderwolf 1998). Our finding, that the firing &V
cells that display low-frequency rhythmicity. neuron 128Fhad a strong positive correlation with EEG acti-

In our smaller sample, however, cholinergic neurons did neation indicates that there are also PV cells among the F cells.
show robust bursting during spontaneous or stimulation-iRV has been found in GABAergic neurons in many brain areas,
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including GABAergic local neurons of the cerebral cortex, thigequencies both in BF cholinergic neurons and in the EEG
neostriatum, and septohippocampal projection neurons (Cediaring noxious stimulation, it was claimed by Jones and her
1990; Kita et al. 1990). Since GABAergic basalocortical axorworkers (Maloney et al. 1997; Manns et al. 2000) that slow
were found to terminate exclusively on cortical GABAergi@and high-frequency rhythms could be transmitted to cortical
interneurons (Freund and Meskenaite 1992), our finding fields via ascending basalo-cortical fibers during particular
compatible with the notion that at least a subpopulation bthaviors and states. Although in EEG pattern Il peaks in the
PV-containing basalocortical neurons promotes functional dosmb periodogram were often matched with similar peaks in
tivation in the cerebral cortex by disinhibition (Jimenez-Caghe EEG power spectrum, this was not the case in more active
deville et al. 1997). EEG patterns. Indeed, our study, which investigated the cor-
In addition to neurons that increased their firing duringelation between BF firing and EEG in more physiological
cortical activation, several studies described the presence afomditions, including well-characterized spontaneous EEG ep-
smaller number of BF cells that reduced their firing duringchs as well as after brief stimulation, suggests a more com-
EEG activation (Detari et al. 1997; Manns et al. 2000). Thegdex scenario.
latter, so called S cells were thought to be local interneurons,The frequency decomposition of the EEG showed in EEG
as they could not be activated antidromically from the cortepattern | peaks in the beta and delta frequencies, but in pattern
and it was suggested that they may be GABAergic neuroighe peak frequency band was compressetd Hz (Fig. 6).
inhibiting cholinergic cells (Detari et al. 1997). On the otheAlso the average unit firing rate, across all neurons except the
hand, Szymusiak and McGinty (1986, 1989) described soi¥Y cells, was significantly higher (6.9 vs. 2.6 Hz) during
BF cells in cat that increased their discharge in anticipation BEG pattern | than pattern Il, suggesting that the underlying
NREM sleep onset. These “sleep active” neurons were antiechanisms of these two patterns may be different. At present,
dromically driven from the external capsule and cingulaié is unknown where such generalized patterns are initiated;
bundle and were tentatively identified as either cholinergimowever, our data showing that in pattern | changes started in
(Szymusiak and McGinty 1986) or GABAergic neuron8F cells earlier than in pattern Il, are compatible with the
(McGinty and Szymusiak 1990). To our knowledge, this is theypothesis that pattern | is generated by BF cells and/or trans-
first report to positively identify NPY neurons as they relate tmitted from the brain stem via the BF to the cortex. On the
EEG. The two NPY neurons recorded in this study wemher hand, our finding that all units recorded under EEG
strongly inhibited by strong mechanical stimulation, and thigattern Il showed delayed increased firing in relation to cortical
was unique to this cell type. According to our partial recoractivation suggests that under this state, cortical activation may
struction, the axon oNPY neuron 059Rlisplayed a massive be transmitted via descending corticofugal fibers to the BF
local arborization, giving rise t6-600 local boutons. Since (Zaborszky et al. 1997). A treatise that considers a dynamic
local NPY axons have been described innervating cholinergiterplay within BF as well as between BF and other brain
neurons (Tamiya et al. 1991; Zaborszky 1989; Zaborszky aoucuitries rather than assuming a unidirectional process
Duque 2000) and NPY neurons are colocalized with GABA ifManns et al. 2000) is more compatible with a previous sug-
the forebrain (Aoki and Pickel 1989), it is likely that NPYgestion of the role of diffuse brain stem versus restricted
neurons could profusely affect cortical EEG via the cholinergtelencephalic input to BF neurons (Zaborszky et al. 1991,
corticopetal neurons. The other NPY neurdr34R did not 1999) and with recent theories about the role of the BF in
display abundant local axon-collaterals but was characterizausal and attentional mechanisms (Sarter and Bruno 2000).
by a long bifurcating axon that was traced as far as the dorsaDur findings clearly show that monitoring of EEG-related
thalamus, confirming studies in rodents (Hallanger et al. 198 B neuronal activity combined with chemical identification of
cats, and monkeys (Parent et al. 1988) that BF neurons innte recorded neurons is a very promising approach for clarify-
vate thalamic nuclei. A previous tracer study (Asanuma aimy its role in the regulation of cortical activity. However, the
Porter 1990) in rat described that at least part of this Blproper interpretation of the data requires adding knowledge
thalamic projection is GABAergic; our data, in agreement witabout the synaptic connections of the identified neurons.
these studies, would raise the possibility that at least some cells

in the BF that contain NPY would affect cortical activity via We thank Dr. J. M. Tepper for t_he use of‘his equipment (National Instit_ut_es
the thalamus of Health Grant NS-34865). Special thanks is due to Dr. Kaneoke for providing

. . . . us with the code for his burst detection program.
Steriade et al. (_1993) described in a(_:Utely prepared _an'ma%his research was supported by NIH Grant NS-23945 (L. Zaborszky),
a novel slow cortical rhythm characterized by alternating detational Science Foundation of Hungary Grant T25837 (L. Detari), NIH Grant
polarized and hyperpolarized epochs in the pyramidal cefi§6 GM-08223, and National Science Foundation division of Biological
with a frequency of 0.3=1.0 Hz. This rhythm was later Codnstrumentation Resources Grant NSF-BIR-9413198 (A. Duque).
firmed in naturally sleeping animals (Steriade 1996) and aIso&'E
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