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Enhancement of Behavioral and Electroencephalographic Indices
of Waking following Stimulation of Noradrenergic 3-Receptors
within the Medial Septal Region of the Basal Forebrain
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Previous studies in halothane-anesthetized rat documented
potent electroencephalographic (EEG) modulatory actions of
the locus coeruleus (LC) noradrenergic system, with LC neuro-
nal activity causally related to the maintenance of EEG activity
patterns associated with enhanced arousal/alertness. Recent
studies, also in halothane-anesthetized rat, demonstrated that
the region of the basal forebrain encompassing the medial
septum/vertical limb of the diagonal band of Broca (MS) is a site
at which noradrenergic efferents act to influence EEG state via
actions at B-receptors.

These and other observations are consistent with the hypoth-
esis that the LC noradrenergic system participates in the mod-
ulation of behavioral state. However, the degree to which this
system modulates EEG state in the absence of anesthesia and
to what extent such actions are accompanied by behavioral
modulatory actions remain to be determined. The current stud-
ies examined whether small infusions of isoproterenol (ISO), a

B-adrenergic agonist, into MS alter behavioral, EEG, and elec-
tromyographic (EMG) measures of sleep and waking in the
resting, undisturbed rat.

These infusions resulted in a significant increase in time
spent awake, defined by both behavioral and EEG/EMG mea-
sures, and in the nearly complete suppression of REM sleep.
EEG/EMG responses either coincided with or preceded behav-
ioral responses by 10-320 sec. The pattern of behavioral re-
sponses observed following MS-ISO infusions was qualitatively
similar to that associated with normal waking. Infusions of
vehicle into MS or ISO into sites adjacent to MS did not elicit
consistent alterations in behavioral state. These results suggest
that the LC noradrenergic system exerts potent behavioral and
EEG-activating effects via actions of norepinephrine at
B-receptors located within MS.
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The locus-coeruleus (LC) is a small brainstem nucleus that
through an extensive efferent projection system is the major
source of brain norepinephrine (NE). A number of observations
suggest a functional relationship between LC neuronal activity
and behavioral state. For example, tonic LC discharge activity is
state-dependent, with higher rates observed in waking than in
sleep, and these changes in LC-discharge activity precede changes
in EEG and behavioral measures of state (Hobson et al., 1975;
Foote et al., 1980; Aston-Jones and Bloom, 1981a; Aston-Jones et
al., 1994; Foote and Aston-Jones, 1995). Within waking, LC
neurons respond phasically to sensory stimuli of sufficient potency
or saliency to elicit an orienting response (Foote et al., 1980;
Aston-Jones and Bloom, 1981b). Despite extensive study, the
behavioral and physiological functions of alterations in activity of
the LC noradrenergic system remain enigmatic.

Forebrain EEG displays state-dependent activity patterns
(Timo-Iaria et al., 1970; Vanderwolf and Robinson, 1981). In
previous studies in halothane-anesthetized rat, we tested the hy-
pothesis that experimentally induced changes in tonic LC neuro-
nal discharge rates would produce corresponding changes in fore-
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brain EEG state. Documented manipulations of LC neuronal
activity were shown to be causally related to the initiation and
maintenance of EEG activity patterns associated with enhanced
alertness/arousal (Berridge and Foote, 1991; Berridge et al., 1993;
Page et al., 1993).

Subsequent studies under similar experimental conditions iden-
tified the region of the basal forebrain containing the medial
septum/vertical limb of the diagonal band of Broca (MS) as a
critical site at which noradrenergic projections, presumably from
LC (Segal, 1976; Zaborsky et al., 1991), act to influence EEG state
via actions at B-noradrenergic receptors (Berridge et al., 1996).
For example, unilateral infusions of the B-agonist isoproterenol
(ISO) (150 nl) into MS elicit bilateral activation of forebrain
EEG. Conversely, bilateral infusions of the B-antagonist timolol
decrease EEG indices of arousal, indicating a tonic, EEG-
activating action of endogenous NE via actions at B-receptors
within MS. Further, in preliminary studies, bilateral infusions of
timolol into MS blocked EEG activation induced by enhancement
of LC discharge rates (C. Berridge and S. Foote, unpublished
observations). Combined, these results indicate that LC efferents
exert potent EEG modulatory actions in the halothane-
anesthetized rat through actions of NE at B-receptors located
within MS.

The anesthetized preparation facilitates stable EEG and LC
electrophysiological recordings to assess infusion-induced LC and
EEG responses and permits the performance of mapping studies
using a within-subjects design. Therefore, this preparation en-
hanced the confidence with which results could be specifically
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ascribed to actions of the LC noradrenergic system and facilitated
identification of discrete anatomical sites (e.g., MS) in which NE
acts to alter EEG activity. However, to obtain a clearer under-
standing of the behavioral functions of the LC noradrenergic
system, it is essential to determine the degree to which manipu-
lations of this system, or selected LC terminal fields, modulates
forebrain EEG in the unanesthetized animal and whether changes
in EEG state are associated with concomitant changes in behav-
ioral state. The present studies examine the behavioral, EEG, and
electromyographic (EMG) effects of small infusions of the nor-
adrenergic B-agonist ISO made into or immediately adjacent to
MS in the undisturbed, resting rat.

A portion of these results has been presented previously in
abstract form (Berridge and Foote, 1993).

MATERIALS AND METHODS

Animals and surgery. Male Sprague Dawley rats (Charles River, Wilming-
ton, MA) weighing 280-350 gm were anesthetized using halothane ad-
ministered through a face mask and placed in a stereotaxic apparatus with
the nose bar set at —11.5 mm, after which halothane was administered
through a nose cone. A 26 gauge guide cannula with threaded plastic
sleeves (Plastics One, Roanoke, VA) was cemented into place over MS
(anterior, —0.9, lateral, = 0.9, ventral, —2.4) at an angle of 4° from
vertical (in the coronal plane) to avoid damage to the superior sagittal
sinus and to minimize damage to ascending fibers of passage that traverse
the medial extent of MS. When appropriate, EEG and EMG electrodes
were implanted, as described below. The cannula and EEG/EMG elec-
trodes were then cemented into position with Cranioplastic acrylic (Plas-
tics One). After cannula implant, a stainless-steel wire stylet was inserted
into and tightly attached to the cannula via a plastic connector (Plastics
One). After surgery, the animals were housed in pairs for 5-10 d before
testing.

Drugs/intratissue infusions. On the day before testing, pairs of animals
were transferred to testing chambers where they were housed individu-
ally. The Plexiglas testing chamber (32 X 32 X 40 cm) was housed in a
wooden, sound-attenuated outer chamber containing a 15 W light bulb on
a 12:12 hr cycle, a speaker through which white noise (80 dB) was played,
and a 12 V fan run at reduced speed attached to the rear of the chamber
to provide adequate air circulation. There were two 10 cm holes in the
outer chamber: one in the center of the top panel of the chamber to
permit infusion lines and EEG cables to exit the chamber and one in the
front of the chamber to permit videotaping of the animal. The stylet was
removed, and a stainless-steel coil spring was threaded onto the cannula
via a plastic connector (Plastics One). The other end of the spring was
attached to a liquid swivel (Instech Laboratories, Plymouth Meeting, PA)
held in a counterbalance outside the outer chamber. For animals im-
planted with EEG/EMG electrodes, the FET-headstage and cable were
attached at this time and connected to the counterbalance. The animals
were fed and given water ad libitum.

On the day of testing, between 8:00 A.M. and 10:00 AM, a 33 gauge
needle was connected to a length of PE20 tubing containing water via a
26 gauge piece of stainless-steel tubing cemented to the 33 gauge needle.
The PE20 tubing and needle were housed within a stainless-steel coil
spring, the distal end of which was attached to the outlet of the liquid
swivel via a 25 gauge connector. The inlet of the liquid swivel was
connected to a 10 ul syringe via a length of PE20 tubing filled with water.
An air bubble was placed in the tubing above the liquid swivel to permit
visualization of fluid displacement during advancement of the syringe
plunger. The needle and tubing were then loaded with 3-5 ul of vehicle
(PBS containing 2% Pontamine Sky Blue dye) or ISO (Sigma, St. Louis,
MO) dissolved in vehicle (25 ug/ml). An ~50 nl air bubble was used to
separate vehicle/ISO from water contained within the PE20 tubing. The
plunger of the syringe was advanced by a microprocessor-controlled
infusion pump (Harvard Apparatus, South Natick, MA). The stainless-
steel coil spring, connected the previous day, was disconnected, and the
33 gauge needle was inserted into the cannula and secured via a plastic
threaded sleeve attached to the stainless-steel coil spring. Usually, this
was performed without handling the animal. After needle insertion, the
doors to the testing chamber and sound-attenuation chamber were
closed. Infusions (150 nl) were made over a 1 min period. The travel of
the air bubble was assessed visually, using marks made on the PE20
tubing above the liquid swivel.
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If no effect of ISO was evident within 10 min after infusion (~50% of
the cases), a second infusion was performed. This strategy was based on
previous observations of the electrophysiological effects of similar volume
peri-LC infusions of both a cholinergic agonist and an «,-agonist that
indicated that in a substantial proportion of cases, the first infusion after
needle insertion and a subsequent delay was often substantially less
effective than succeeding infusions (Berridge and Foote, 1991; Berridge
et al., 1993). For all vehicle infusions, two infusions were performed,
separated by 10 min. Behavioral and EEG/EMG recordings were scored
for the 60 min immediately preceding infusions and the 90 min immedi-
ately after the termination of the last infusion (i.e., the second infusion in
those cases in which two infusions were performed).

EEG and EMG recording and analyses. Bipolar electrodes were used to
record cortical (ECoG), as described previously (Berridge and Foote,
1991). In a limited number of cases, bipolar electrodes were used to
record hippocampal EEG (HEEG) simultaneously with ECoG. In ani-
mals in which HEEG was not recorded, EMG was recorded using two 3
cm lengths of insulated, flexible wire (Cooner Wire, Chatsworth, CA)
threaded into the neck muscle and positioned such that an ~3 mm length
of exposed wire was in direct contact with muscle. The wire was tied in a
knot to hold the exposed length of wire in contact with the muscle, and
the skin was sutured. A screw electrode was placed over the cerebellum
and served as ground. The free ends of the EEG, EMG, and ground
electrodes were inserted into a five pin plastic connector that was ce-
mented in place, along with the cannula, using acrylic cement (Plastics
One). EEG and EMG signals were amplified, filtered (0.3-50.0 Hz
bandpass), and recorded continuously on a polygraph and on VCR
recording tape (Vetter Instruments, Rebersburg, PA) using methods
similar to those described previously (Berridge and Foote, 1991), except
that a four channel headstage FET amplifier was used in addition to
standard EEG amplifiers.

ECoG and EMG were scored for the following behavioral state cate-
gories: (1) slow-wave sleep (high-voltage ECoG, low-voltage EMG); (2)
REM sleep (low-voltage ECoG combined with EMG activity ~50%
lower amplitude than that observed in slow-wave sleep, with occasional
short-duration, large-amplitude deflections attributable to muscle twitch-
es); (3) quiet-waking (low-voltage ECoG with EMG activity of an average
amplitude twice that observed in slow-wave sleep); (4) active-waking
(low-voltage ECoG, sustained high-voltage EMG of approximately twice
that observed in quiet waking, with frequent movement deflections). The
combined use of ECoG and EMG or HEEG measures permits discrim-
ination between quiet waking and the desynchronized ECoG activity that
has been reported to occur occasionally in sleep, in that this ECoG
activation is not accompanied by HEEG theta or EMG activation (Berg-
mann et al., 1987). To be scored as a distinct epoch, the appropriate EEG
and EMG activity patterns needed to persist for a minimum of 15 sec.
The time spent in each state was scored and totaled for the five 30 min
epochs of the observation period. These included the two segments
immediately before infusions (PRE1 = 0-30 min; PRE2 = 30-60 min)
and the three segments that followed the infusions (POST1 = 60-90 min;
POST2 = 90-120 min; POST3 = 120-150 min).

Behavioral analyses. Behavior was videotaped using a black and white,
low-level illumination video camera (Panasonic WV-BL2000) positioned
in the hole in the door of the outer chamber. Behavioral and EEG data
were recorded onto videorecording tape using a modified VCR (Vetter,
Model 620). The output of the camera was sent to a time and date
imprinter, a black and white monitor, and the VCR. Behavior was
recorded continuously starting 30-60 min after insertion of the infusion
needle, at a point at which the animals were no longer behaviorally active.
Behavior was scored from videotape by a trained observer using a
computer-based event recorder (Noldus Information, Wageningen, The
Netherlands). The following behaviors were scored for all animals
whether or not they were scored for electroencephalographic measures:
(1) asleep: body resting on floor, head resting on floor; (2) quiet awake:
head raised off of floor, body resting on floor; (3) body up: any point in
which the body was raised off of floor and the animal was not engaged in
any of the scored behaviors (grooming, rears, eating, drinking) other than
horizontal locomotion; (4) grooming; (5) rears (both free and wall); (6)
quadrant entries: a measure of horizontal locomotion defined by hind legs
crossing into a new quadrant; (7) eating; (8) drinking; (9) total time spent
awake: defined as the total observation period minus the time spent
asleep. The frequency and duration of all behaviors, except quadrant
entries (frequency only), were scored for each of the five consecutive 30
min epochs of the experiment.

Statistical analyses. The effects of the three MS treatments (needle
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insertion/no infusion; MS vehicle; MS ISO) on behavioral measures were
statistically analyzed using a two-way ANOVA with time as a repeated-
measures variable (five levels corresponding to five half-hour epochs: the
first two epochs corresponding to the preinfusion portions and the last
three epochs corresponding to postinfusion portions of the experiment)
and treatment as a between-subjects variable (three levels corresponding
to the three different treatments). The effects of MS ISO on EEG/EMG-
derived measures of behavioral state were analyzed across the five 30 min
epochs using repeated-measures one-way ANOVA (time = within sub-
jects factor). When statistical significance was indicated (p < 0.05), post
hoc analyses were conducted using Duncan’s multiple-range test
(between-subject analyses) or means-comparison contrasts (within-
subject analyses).

Histology. After each experiment, the animal was deeply anesthetized
and perfused with 4% formaldehyde. The brain was removed and placed
in perfusion solution. After a minimum of 24 hr, the brain was frozen, and
40-pm sections were cut and collected through MS and the other areas in
which infusions were made. The sections were stained with Neutral-Red
dye for subsequent examination of the infusion sites. The extent of the
spread of Pontamine Sky Blue dye in freshly sectioned tissue was
recorded.

Data selection criteria. Data were included in the analyses for all cases,
and only in those cases in which EEG electrode placements were accurate
were EEG recordings electrically adequate and could accurate placement
of the infusion needle be anatomically verified.

RESULTS
General observations

Rats transferred to the testing chamber appeared to rapidly adapt
to the new environment, with the initial exploratory period lasting
30-90 min. Typically, rats were observed to be resting on the
morning of testing. Although the animals woke upon opening of
the sound-attenuated chamber, insertion of the 33 gauge infusion
needle was often accomplished without the need to handle the
animal. However, regardless of whether the animal was handled
during needle insertion, the behavioral-activating effects of the
process of needle insertion quickly dissipated, such that within
30-90 min of needle insertion, animals were resting with head
down and eyes closed. Insertion of the needle did not produce
overt adverse behavioral effects.

All infusions were performed after the collection of at least 60
min of baseline behavior (and EEG/EMG when appropriate) and
at a point when the animal was resting (body and head resting on
the floor of chamber). In animals in which EEG and EMG were
recorded, at this point, large-amplitude, slow-wave ECoG activity,
mixed-frequency HEEG activity, and low-voltage EMG activity
were present (i.e., slow-wave sleep).

Histological analyses indicated that needle insertion did not
produce substantially greater tissue damage than that observed in
previous studies conducted in anesthetized rat (data not shown)
(for discussion, see Berridge et al., 1996). In cases in which the
infusion was placed in the general region of MS, the spread of dye
was comparable to that observed in anesthetized animals, with dye
observed throughout the ventral half of the region defined as MS
and extending nearly throughout the anterior—posterior extent of
MS, as observed in anesthetized rat (for discussion, see Berridge
et al., 1996). As used here, MS refers to the general region of the
basal forebrain containing the medial septum, the vertical limb of
the diagonal band of Broca, the islands of Calleja, and the shell
region of the nucleus accumbens. In a number of ISO infusion
experiments, no dye was visible on sectioning of the tissue, pre-
sumably because of problems with the liquid swivel. Previous
studies in which a liquid swivel was not used demonstrated that
this concentration of dye is readily apparent in freshly sectioned
tissue even with infusion volumes as small as 35 nl (Berridge et al.,
1993, 1996). Therefore, it is concluded that the absence of dye
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indicated that drug did not enter the brain. These cases (needle
insertion/no infusion) were analyzed separately from the vehicle- and
drug-infusion groups, with the pre- and postinfusion epochs mea-
sured from the point at which the infusion pump was turned off.

Definition of MS boundaries

The effects of ISO infusions made into and adjacent to MS on
behavioral indices of waking (derived from videotaped records of
behavioral activity) were examined in a total of 26 animals (see
below). For all experiments, behavior was recorded for 60 min
before and 90 min after infusions (see Materials and Methods).
ISO infusions into the general region of MS consistently elicited
substantial increases in waking behavior observed per half-hour
interval as compared with vehicle-infusion or needle insertion/no
infusion animals (Fig. 1) (see below). The distribution of infusion
sites that did or did not result in substantial time spent awake
identifies a region of the basal forebrain encompassing the medial
septum in which ISO infusions act to alter behavioral state. The
boundaries of this region are identical to those observed in a
previous study documenting EEG-activating effects of ISO infu-
sions into this region of the basal forebrain in the halothane-
anesthetized rat (Berridge et al., 1996). Thus, quantitative analy-
ses were conducted on those animals in which the ventral tip of
the infusion needle was located within this region. This area,
indicated in Figure 1 by the dashed line, encompasses the majority
of ISO infusion sites that appeared to increase time spent awake,
and excludes the majority of sites at which infusions appeared to
elicit marginal or no effects on waking. For all groups, data from
a particular case were included in MS or non-MS infusion groups
solely on the basis of needle placement assessed from histological
analyses conducted by personnel blind to the behavioral effects of
the infusion.

Behavioral effects of ISO infusions, vehicle infusions,
and needle insertion/no infusion in MS
Analyses were conducted on the 26 animals receiving MS-ISO
infusions, the 12 animals that received MS vehicle infusions, and
the 13 needle insertion/no infusion animals, all of which had the
ventral tip of infusion needles placed within the dashed lines of
Figure 1. Analyses were conducted across the five 30 min obser-
vational epochs: PRE1 (¢t = 0-30 min), PRE2 (¢ = 30-60 min),
POST1 (t = 60-90 min), POST2 (¢ = 90-120 min), POST3 (¢ =
120-150 min). The effects of infusions on behavioral state, as
defined by behavioral measures, are depicted in Figure 2.
ANOVA indicated a significant main effect of treatment (F, 540,
= 48.9, p < 0.0001), time (F(4240y = 3.8, p < 0.01), and a
significant treatment X time interaction (Fg,49, = 10.7, p <
0.0001) on total time spent awake and asleep (treatment, F 549,
= 48.9, p <0.0001; time F 4 549y = 3.8, p < 0.01; treatment X time
F (s 240y = 10.7, p < 0.0001). Post hoc analyses indicated that total
time spent awake was significantly increased only in the MS-ISO
group during postinfusion epochs, POST1-POST3 (compared
with either PRE1 or PRE2 of the ISO-MS group or as compared
with the postinfusion epochs of the vehicle or needle insertion/no
infusion groups). For example, total time spent awake was in-
creased from 190 *+ 41 sec during PRE1 to 1076 = 75 sec during
POST1. Conversely, time spent asleep was significantly decreased
during postinfusion epochs (PRE1, 1610 * 41 sec; POST1, 723 *
76 sec) (Fig. 2).

As shown in Figures 2 and 3, ISO-induced waking was associ-
ated with significant increases in time spent engaged in the fol-
lowing behaviors: quiet awake (F (5540, = 44.1, p < 0.0001), body
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Figure 1. Schematic depiction of the
location of each ISO infusion with a
numeral indicating the effect of each
infusion on total time spent awake. Nu-
merals specify the appropriate time
range (I = 0-500 sec; 2 = 500-1000
sec; 3 = 1000-2000 sec; 4 = 2000-3000
sec; 5 = >3000 sec) for total time spent
awake during the 60 min postinfusion
interval for each animal. Vebhicle-
treated animals displayed a mean total

time awake in this period of 302 = 88
sec with a range of 125-1098 sec. These

infusions identify a region within which
ISO infusions increase waking that en-
compasses the medial septum, the ver-

tical limb of the diagonal band of
Broca, the islands of Calleja, and pos-
terior portions of the shell region of the
nucleus accumbens. This region is iden-
tified by the dotted line border and is
collectively referred to as MS. Infusions
outside this region were substantially
less effective at increasing waking be-
yond that observed in preinfusion ep-
ochs or in vehicle-treated animals. AC,
Anterior commissure; CC, corpus callo-
sum; CP, caudate—putamen; /C, inter-
nal capsule; LS, lateral septum; LV lat-
eral ventricle; MS, medial septum; NA,
nucleus accumbens. Each level is sepa-
rated by 250 um, with the most anterior
section in the top left panel (modified

from Swanson, 1992).

up (F 2240y = 25.9, p < 0.0001), rears (F 549y = 9.2, p < 0.0001),
eating (F(2549) = 3.5, p < 0.05), and grooming (F 5 240, = 18.22,
p < 0.0001). There was a trend toward increased duration of
drinking behavior in ISO-treated animals, which was not statisti-
cally significant (F; 549y = 2.6, p = 0.08). For each behavior for
which a significant effect of treatment was observed, there was a
significant treatment X time interaction (rears, F(g 54, = 2.1,p <
0.05; quiet awake, F(g 49y = 6.3, p < 0.0001; body up, F(5 2409y =
8.3, p < 0.0001; eating F(g 549y = 3.4, p < 0.01; grooming F s 540,
= 3.6, p < 0.001), such that scores for postinfusion intervals
differed significantly from those for preinfusion intervals and that
those for the two preinfusion intervals did not differ significantly.
The increase in time spent eating was significant only in the first
half-hour after the infusion. Duration of rears was significantly
increased in the first two half-hour epochs after ISO infusions,
whereas duration of grooming was significantly increased in the
three half-hour epochs after ISO infusions.

As observed for duration of behavioral responses, MS-ISO
infusions significantly increased the frequency of most behaviors
scored (Fig. 4). Specifically, ISO infusions significantly increased
the occurrences of quiet awake, (treatment, F, 549y = 47.4, p <
0.0001; treatment X time Fg,49, = 11.5, p < 0.0001); body up
(treatment, F; 549, = 29.8, p < 0.0001; treatment X time Fg 549y
= 7.6, p < 0.0001); rears (treatment, F, 549y = 8.4, p < 0.0005;
treatment X time F(g,., = 2.6, p < 0.01); quadrant entries

(treatment, F 5549y = 26.3, p < 0.0001; treatment X time Fg 540y
= 6.9, p < 0.0001); eating (treatment, F(, 545, = 7.7, p < 0.001;
treatment X time Fg,49) = 3.8, p < 0.0005); and grooming
(treatment, F; 549, = 25.3, p < 0.0001; treatment X time F g 549y
= 5.1, p < 0.0001). MS ISO did not significantly alter the fre-
quency of drinking (treatment, F(,54, = 2.7, p = 0.07; treat-
ment X time Fg 540, = 1.3, p = 0.14).

Post hoc analyses indicated that none of the behavioral mea-
sures varied significantly over the course of the experiment in
either the needle insertion/no infusion group (n = 13) or the MS
vehicle infusion group (n = 12) (Figs. 2-4). Further, there were
no significant differences in any of the behavioral categories
between any of the three treatment groups during the preinfusion
portions of the experiment (Figs. 2—4). Finally, there were no
significant differences in any of the behavioral categories between
the needle insertion/no infusion group and vehicle-infusion group
during the postinfusion intervals of the experiment (Figs. 2—4).

Qualitatively, the specific behaviors and behavioral patterns
displayed by MS-ISO animals were not readily distinguishable
from those of nontreated animals. In cases (~60%) in which a
single infusion was performed, behavioral indices of waking were
observed within 4-10 min. Similar latencies were observed in
cases in which a second infusion was performed 10 min after the
first. Thus, latency for eliciting waking behaviors ranged from 4
min to a possible maximum of 20 min.
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Figure 2. Effects of MS needle insertion/no infusion (Needle, circles), MS vehicle infusions (Vehicle, triangles), and MS-ISO infusions (ISO, squares) on
time spent asleep, awake, quiet awake, or body up (a subset of active waking), defined on the basis of behavioral measures. Symbols represent mean =
SEM of time (in seconds) spent in specific behavioral categories across the five half-hour epochs of the experiment. PREI and PRE? represent 30 min
preinfusion portions of the experiment. POSTI-POST3 represent 30 min postinfusion epochs. Where no error bars are visible, the magnitude of the SEM
fell within the range corresponding to the dimensions of the symbol. There were no significant differences between vehicle-treated and needle insertion/no
infusion groups for any time interval. There were no significant differences between any of the groups during the preinfusion epochs. *p < 0.01 compared

with PRE1; *p < 0.05 compared with PREL.

In a number of cases (n = 11), an infusion was made 120 min
after the first infusion (¢ = 180 min). In these cases, the animals
were typically observed to be resting (determined on the basis of
behavioral observations) at the time of the infusion. The effec-
tiveness of this infusion was comparable to the first (data not
shown).

ECoG, HEEG, and EMG effects of ISO infusions

into MS

To assess better the effects of ISO-induced alterations in behav-
ioral state, ECoG and HEEG or EMG were recorded in a subset
of animals that received ISO infusions that were included in the
behavioral analyses described above. In six cases, ECoG and
HEEG were simultaneously recorded. Two of these cases were
not included in the behavioral analyses described above because
of problems with the videorecordings. Of these six animals, four
animals had both ECoG and HEEG electrodes implanted ipsilat-
eral to the infusion site whereas, in two cases, the HEEG elec-
trode was implanted contralateral to the infusion site and the
ECoG electrode.

In an additional 21 cases, ECoG and EMG activity was re-
corded simultaneously. Of this latter group, eight cases had nee-
dle placements within MS and dye was present in the tissue, three
cases had needle placements within MS but no dye present in the
tissue, and six cases had needle placement adjacent to MS. In the
remaining four cases, the infusion needle was loaded with vehicle
and placed within MS, and dye was present in the tissue. The
design of these experiments was identical to that described above,

other than for implantation of EEG and EMG electrodes (see
Materials and Methods).

Needle insertion alone or vehicle infusions into MS lacked
consistent, obvious effects on EEG, EMG, or behavioral indices of
waking (data not shown). In animals in which ECoG and HEEG
were simultaneously recorded, ISO infusions that elicited in-
creased behavioral indices of waking elicited an activation of both
ECoG and HEEG; there was a shift in ECoG activity from
slow-wave, large-amplitude to high-frequency, low-amplitude ac-
tivity (Fig. 5) and a shift in HEEG activity from mixed frequency
activity to theta activity (highly regular, ~9 Hz activity). Within
the limits of temporal resolution (~1-2 sec), the activation of both
ECoG and HEEG appeared to occur simultaneously.

Slow-wave sleep, REM sleep, quiet awake, active awake, and
total time spent awake were determined on the basis of cortical
EEG and EMG activity patterns (see Materials and Methods).
The effects of MS-ISO infusions on EEG/EMG-defined behav-
ioral states are shown in Figures 5 and 6. Compatible with the
behavioral data described above, before infusion, animals spent
the majority of the time in slow-wave sleep and approximately
equal time in REM sleep and total time spent awake (quiet
awake: PRE1, mean = 87 = 54; PRE2, mean = 146 = 52; active
awake: PRE1, mean = 133 = 75, PRE2, mean = 213 = 131).
After ISO infusions, slow-wave sleep was significantly decreased
(Fa7 = 224, p < 0.0001) and total time spent awake was
significantly increased (F, = 26.86, p < 0.0001; POSTI,
mean = 1156 = 125; POST2, mean = 1424 *+ 124; POSTS3,
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Figure 3. Effects of MS needle insertion/no infusion (Needle, circles), MS vehicle infusions (Vehicle, triangles), and MS-ISO infusions (ISO, squares) on
the time spent eating, grooming, rearing, and drinking. Symbols represent mean = SEM of time (in seconds) spent engaged in specific behaviors across
the 5 half-hour epochs of the experiment. PREI and PRE2 represent preinfusion portions of the experiment. POSTI-POST3 represent postinfusion
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mean = 1240 = 130). The effects of ISO infusions on total time
awake resulted from significant increases in both quiet (F4 .5y =
10.0, p < 0.0001; PRE1, mean = 87 = 54; PRE2, mean = 146 *
52; POST1, mean = 295 = 72; POST2, mean = 551 = 84; POST3,
mean = 582 = 90) and active awake (F (4,5, = 10.2, p < 0.0001;
PRE1, mean = 133 = 75; PRE2, mean = 213 = 135; POST1,
mean = 860 * 140; POST2, mean = 872 = 114; POST3, mean =
657 = 90). Time spent in quiet awake and active awake was
significantly increased in each epoch after ISO infusions com-
pared with either preinfusion epoch. Quiet waking was signifi-
cantly lower in POST1 as compared with either POST2 or POST3
epochs. Although active waking appeared to decrease in POST3,
this was not statistically significant. The EEG/EMG responses
either coincided with behavioral activation (n = 3) or preceded it
by ~10 sec to 320 sec (n = 7).

EMG and EEG measures revealed an apparently larger effect
of MS ISO on total time spent awake than that documented using
behavioral measures alone. This appeared to reflect the fact that
during the latter portions of the ISO-induced behavioral response
(t = 90-150 min), the animals would often lie down with head
resting on the floor and, thus, behaviorally appear to be asleep.
This resting behavior was frequently interrupted by brief (1-5
min) periods in which the animals would raise their head off of the
floor or become behaviorally active (compare Figs. 2 and 6).
Often, during this portion of the response, although the animals
appeared to be asleep on the basis of behavioral measures, EEG
and EMG remained activated, indicating that the animal was
awake (quiet awake) and not in slow-wave sleep.

ISO infusions into MS resulted in a near-complete suppression

of REM sleep (Fy 5 = 11.9, p < 0.0001) (Fig. 6). In terms of
percent change from preinfusion baseline, the suppression of
REM sleep represents the largest magnitude effect of MS-ISO
infusions on any of the scored behavioral states.

Behavioral and EEG effects of ISO infusions

outside of MS

The results described above indicate that the region defined as
MS (see above) is an area in which ISO infusions elicit substantial
and sustained changes in behavioral and EEG state. To verify that
the behavioral effects of these infusions were not attributable to
diffusion through surrounding tissue and/or ventricular space and
subsequent action of ISO within adjacent structures, ISO infu-
sions were made into nearby sites. These included the nucleus
accumbens (n = 6); the striatum, at a distance from the lateral
ventricle similar to that of the effective MS infusions (n = 3); the
lateral septum (n = 5); and the region immediately posterior to
MS (n = 4).

As observed in the halothane-anesthetized preparation and as
indicated in Figure 1, infusions of ISO outside of MS into stria-
tum, core subregion, or anterior nucleus accumbens or posterior
to MS did not elicit consistent alteration in any of the behavioral
measures. Although ISO infusions into the lateral septum ap-
peared to increase waking behavior, the magnitude and duration
of this effect was consistently and substantially less than that
observed for infusions placed more ventrally, suggesting that the
lateral septum is not the primary site at which ISO infusions
enhance waking.
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DISCUSSION

The present studies demonstrate that discrete infusions of a
noradrenergic 3-agonist into the region of MS elicit consistent
substantial enhancement of behavioral, EEG, and EMG measures
of waking in the unanesthetized rat. These infusions resulted in
the transition from primarily resting behavior associated with
large-amplitude, slow-wave activity in ECoG and low-voltage
EMG activity (slow-wave sleep) to long bouts of waking behavior
associated with activation of the ECoG (desynchronized activity)
and EMG (high-voltage activity). The EEG/EMG responses ei-
ther coincided with, or preceded by ~10-320 sec, ISO-induced
behavioral activation. In general, the individual behavioral responses
and the pattern of these responses resembled those observed in
normal waking; normally absent behaviors were not observed,
whereas behaviors typically observed in waking were evident (e.g.,
eating, drinking, grooming). As such, the behavioral effects of MS
ISO did not appear to be similar to the behavioral activation typically
observed after certain pharmacological manipulations such as am-
phetamine or cocaine administration (Segal, 1975).

It is of interest that MS-ISO infusions that suppressed but did
not eliminate slow-wave sleep elicited the near-complete suppres-
sion of REM sleep. In terms of percent of preinfusion baseline,
suppression of REM sleep was the most profound action of
MS-ISO infusions. Thus, during the third 30 min epoch after
MS-ISO infusions (¢ = 120-150 min), waking was increased to
564%, slow-wave sleep was decreased to 42%, and REM sleep
was decreased to 3% of the levels evident during the first half-
hour of the preinfusion period. This observation is consistent with
hypotheses proposed previously that posit a critical role of LC

suppression for the normal emergence of REM sleep (Hobson et
al., 1975, 1986).

Site of action

Previous mapping studies demonstrated that the area defined as
MS forms a discrete LC terminal field in terms of the ability of
B-agonists and B-antagonists to modulate forebrain EEG (Ber-
ridge et al., 1996). In the present studies, a similar anatomically
restricted distribution of effective ISO infusions sites was ob-
served, indicating that this region of the basal forebrain is a site at
which B-receptors modulate behavioral state. However, this re-
gion is anatomically complex, with the medial septum, the vertical
limb of the diagonal band of Broca, the shell region of the nucleus
accumbens, and the islands of Calleja all within close proximity.
Excluding the islands of Calleja, all of these regions receive a
moderate to dense noradrenergic innervation (see Berridge et al.,
1996) (C. Berridge, T. Stratford, S. Foote, and A. Kelly, unpub-
lished observations). Therefore, effective infusions could alter
neuronal activity in a number of efferent paths arising from any
one of these structures (for discussion, see Berridge et al., 1996).
For example, the behavioral and EEG effects observed after
B-receptor stimulation could depend on septal-diagonal band
efferents to cortex and hippocampus (Swanson and Cowan, 1977;
Saper, 1984; Stewart et al., 1985), projections from the medial
septum or the shell region of the accumbens to intermediate
structures involved in modulation of behavioral state such as the
hypothalamus (Meibach and Siegel, 1977; Swanson and Cowan,
1979; Mogenson et al., 1983; Groenewegen and Russchen, 1984;
Zaborsky et al., 1985; Heimer et al., 1991; Cunningham et al.,
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Figure 5. Effects of MS-ISO infusions on ECoG and EMG from a typical experiment. Shown are 10 min traces of ECoG and EMG recorded immediately
before, 15 min after, and 75 min after an infusion of ISO into MS. Before the infusion, the animal spent the majority of time in slow-wave sleep (resting
with large-amplitude, slow-wave activity present in ECoG and low-amplitude activity present in EMG). The most striking postinfusion changes are the
decrease in large-amplitude, slow-wave ECoG activity and the increase in EMG amplitude. The latter portions of the behavioral response (RECOVERY)
are associated with relatively long bouts of slow-wave ECoG activity interrupted by intermediate-duration epochs of ECoG activation and moderate-
amplitude EMG activity (quiet waking). Occasionally, these bouts of quiet waking were not accompanied by overt behavioral activity that would have

indicated that the animal was awake.

1992; Deutch et al., 1993), or indirect projections from hippocam-
pus to intermediate structures such as hypothalamus (Swanson
and Cowan, 1977; Walaas and Fonnum, 1980; Ino et al., 1988).

LC and the modulation of EEG and behavioral state

The present observations are consistent with the long-
hypothesized role of the LC noradrenergic system in the mod-
ulation of behavioral state (for review, see Vanderwolf and
Robinson, 1981). In general, pharmacological suppression of
noradrenergic activity increases sedation. Thus, systemic, intra-
cerebroventricular, or intrabrainstem administration of «,-
agonists or B-antagonists increases behavioral and EEG indices
of sedation, although technical limitations associated with the
manipulations used substantially limit conclusions regarding
the specific noradrenergic systems involved (Fink and Irwin,
1981; DeSarro et al., 1987, 1988; Segal et al., 1988). Pharma-
cological activation of brain noradrenergic receptors has been
observed to increase locomotor activity of rats (Segal and
Mandell, 1970; Flicker and Geyer, 1982). However, drug ad-
ministration procedures used in these studies involved handling
of the animal, resulting in an awake, alert baseline behavioral
state from which to measure drug-induced alterations in be-

havior. Therefore, it is unclear whether enhanced locomotor
activity observed in these studies reflects changes in arousal/
alertness level per se or alterations in other behavioral pro-
cesses related to exploration or attention that are superim-
posed on an alert, awake behavioral state.

Observations obtained with pharmacological manipulations are
in conflict with the often-observed minimal effects of destruction
of LC or LC efferents on behavioral or EEG indices of arousal
(for review, see Vanderwolf and Robinson, 1981). There are at
least two mechanisms that likely contribute to this discrepancy.
First, the well-documented, damage-induced compensatory re-
sponses of noradrenergic systems may minimize lesion-induced
functional deficits (Diaz et al., 1978; U’Prichard et al., 1980;
Harik, 1984; Hallman and Jonsson, 1984; Berridge and Dunn,
1990). Consistent with this is the observation of time-dependent
effects of 6-OHDA lesion of the dorsal noradrenergic bundle on
EEG activity; an increase in slow-wave activity was observed
initially but had disappeared within 7 d after the lesion (Lidbrink,
1974). Second, the actions of other ascending systems, such as
cholinergic and serotonergic systems, may minimize the conse-
quences of disruption of noradrenergic systems (Jouvet, 1972;
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Buzsaki et al., 1988; Vanderwolf, 1988; Steriade et al., 1990;
Steriade and McCarley, 1990; Metherate et al., 1992).

Most pharmacological approaches used to study LC function
through direct manipulations of LC lack sufficient anatomical
specificity because of the small size of the nucleus. The use of
electrophysiological recordings to guide infusions of drugs that
alter LC discharge rates permits the use of substantially smaller
infusion volumes, increasing the anatomical resolution of intra-
brainstem infusions (Adams and Foote, 1988; Berridge and Foote,
1991). The use of this approach in halothane-anesthetized rat
demonstrated forebrain EEG activation is causally related to
enhanced LC neuronal activity (Berridge and Foote, 1991; Ber-
ridge et al., 1993; Page et al., 1993).

The region defined as MS receives a dense noradrenergic
innervation, the majority of which arises from LC (Segal, 1976;
Gaspar et al., 1985; Vertes, 1988; Chang, 1989; Zaborsky et al.,
1989, 1991; Milner, 1991). Stimulation of B-receptors within MS
increases EEG measures of arousal in the halothane-anesthetized
rat, whereas B-receptor blockade within MS has the opposite
effect (Berridge et al., 1996). The present studies demonstrate
that MS B-receptors exert similar modulatory actions on EEG and

behavior in the unanesthetized, resting animal. Combined, these
observations strongly suggest that a consequence of LC activation
is the stimulation of B-receptors located within MS and the
consequent enhancement of behavioral and EEG measures of
waking. The actions of «,-receptors located within MS on behav-
ioral state remain to be addressed.

Although the present studies demonstrate that activation of MS
B-receptors is sufficient to elicit and maintain waking in the resting
rat, the degree to which MS B-receptors contribute to the induc-
tion and maintenance of alert waking across varying environmen-
tal conditions remains unclear. Future studies will need to address
the relative contributions of noradrenergic, cholinergic, and sero-
tonergic systems to the initiation and maintenance of alert waking.

Actions of LC efferents across LC terminal fields

LC efferents project widely throughout the neuraxis. Therefore,
under normal conditions in which LC neuronal discharge is in-
creased, the arousal-enhancing effects of NE attributable to ac-
tions at B-receptors within MS occur simultaneously with actions
of NE in multiple terminal fields, including neocortex and thala-
mus. In vivo, NE enhances stimulus-elicited responding of cortical
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neurons relative to basal discharge rates (e.g., enhances signal-to-
noise ratio) (Foote et al., 1975; Woodward et al., 1979) whereas,
in vitro, NE induces a shift in firing patterns of thalamic and
cortical neurons from a burst mode associated with slow-wave
sleep to a single spike mode associated with waking (Pape and
McCormick, 1989; McCormick and Pape, 1990). These latter
effects involve actions of NE at both «,- and B-receptors. Com-
bined, these observations suggest that the LC noradrenergic sys-
tem exerts widespread effects throughout the forebrain that en-
hance processing of sensory information. We have observed that
bilateral infusions of a noradrenergic B-antagonist into MS block
EEG activation observed after LC activation in the anesthetized
rat (C. Berridge and S. Foote, unpublished observations). How-
ever, this observation does not exclude the possibility that normal
EEG activation and waking depend on the concerted/combined
actions of NE within MS and other LC terminal fields. Future
studies will need to address the degree to which NE actions within
neocortical, hippocampal, and thalamic regions contribute to al-
terations in EEG and behavioral state.

LC neuronal activity fluctuates across two temporal dimensions.
Stable and prolonged alterations in tonic discharge rates precede,
and are maintained throughout, alterations in behavioral state
(Foote et al., 1980; Aston-Jones and Bloom, 1981a). Within
waking, LC neurons respond phasically to salient sensory infor-
mation (Foote et al., 1980; Aston-Jones and Bloom, 1981b).
Recent work in monkeys demonstrates that phasic fluctuations in
vigilance are preceded by phasic changes in the activity of LC
noradrenergic neurons (Aston-Jones et al., 1994). Although cor-
relative in nature, these studies provide support for the hypothesis
that phasic alterations in LC discharge rates that occur within
waking are critically involved in short-term fluctuations in vigi-
lance. Similar to previous descriptions (Foote et al., 1980; Aston-
Jones and Bloom, 1981a), the phasic fluctuations in LC neuronal
activity observed by Aston-Jones et al. (1994) were superimposed
on prolonged and stable changes in tonic LC neuronal discharge
rates that were associated with changes in behavioral and EEG
measures of alertness.

Thus, it is posited that through the coordinated actions of LC
efferents across multiple terminal fields, LC may serve at least two
general functions. First, LC neurons may facilitate the induction
of a behavioral state appropriate for acquisition of sensory infor-
mation (e.g., waking). This action is proposed to be dependent on
changes in tonic activity of LC neurons and, at least in part,
involves actions of NE at B-receptors located within MS. Second,
LC may facilitate state-dependent cognitive processes (e.g., vigi-
lance), which are, at least in part, modulated by phasic fluctua-
tions in LC neuronal activity and possibly involve actions of NE
within cortical and thalamic terminal fields. Combined, these
actions would serve to facilitate appropriate behavioral respond-
ing to sensory information.
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