
A

t
t
w

(

I
w

p
t
s
w

©

K

1

w
p
o
o
t
a
b

r

0
d

Brain Research Bulletin 72 (2007) 293–301

Effect of basal forebrain neuropeptide Y administration on sleep
and spontaneous behavior in freely moving rats
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bstract

Neuropeptide Y (NPY) is present both in local neurons as well as in fibers in the basal forebrain (BF), an area that plays an important role in
he regulation of cortical activation. In our previous experiments in anaesthetized rats, significant EEG changes were found after NPY injections
o BF. EEG delta power increased while power in theta, alpha, and beta range decreased. The aim of the present experiments was to determine
hether NPY infusion to BF can modulate sleep and behavior in freely moving rats.
In this study, microinjections were made into the BF. Saline was injected to the control side, while either saline or one of two doses of NPY

0.5 �l, 300–500 pmol) to the treated side. EEG as well as behavioral changes were recorded.
Behavioral elements after the NPY injections changed in a characteristic fashion in time and three consecutive phases were defined. In phase

(half hour 2), activated behavioral items (moving, rearing, grooming) appeared frequently. In phase II (half hours 3 and 4) activity decreased,
hile motionless state increased. Reappearance of activity was seen in phase III (half hours 5 and 6).
NPY injections caused sleep–wake changes. The three phases described for behavioral changes were also reflected in the sleep data. During

hase I, lower NPY dose increased wakefulness and decreased deep sleep. Reduced behavioral activity seen in phase II was partially reflected in
he sleep. In this phase, wakefulness tended to increase in the third half hour, while decreased in the 4th half hour. Deep sleep and total slow wave

leep non-significantly decreased in the third and increased in the 4th half hour. In most cases, wakefulness was elevated again during Phase III,
hile sleep decreased. Length of single sleep–wake epochs did not change after NPY injections.
Our results suggest a role for NPY in the integration of sleep and behavioral stages via the BF.
2007 Elsevier Inc. All rights reserved.
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. Introduction

Neuropeptide Y (NPY) is one of the most abundant and
idely distributed neuropeptide in the mammalian central and
eripheral nervous system [26]. It is involved in several physi-
logical functions such as feeding [3], memory [27], regulation
f blood pressure [16], circadian rhythms [41], and possibly in

he regulation of sleep–wake stages. NPY has anxiolytic-like
ction in various animal anxiety models [10,14,40], but other
ehavioral changes, like reduction motor activity [15,20], induc-

Abbreviations: BF, basal forebrain; EEG, electroencephalogram; NPY, neu-
opeptide Y
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ion of catalepsy [20], increase in searching behavior [18], and
eduction in rearing activity [39] has been also reported after
ntracerebroventricular (icv) administration.

NPY is present in the basal forebrain (BF), an area that plays
n important role in the regulation of cortical activation (for
recent review, see [44]). The BF contains a heterogeneous

opulation of cholinergic and non-cholinergic (GABAergic,
eptidergic, and glutamatergic) corticopetal neurons as well
s various types of interneurons containing different peptides,
ncluding NPY and somatostatin [44].

The role of NPY containing BF neurons in the modulation
f sleep–wake states and cortical EEG is not fully under-

tood. NPY was found to colocalize with GABA in many
orebrain neurons [1]. Single NPY neurons can innervate
everal cholinergic corticopetal neurons in the horizontal limb
f the diagonal band [37,43] and in the substantia innominata

mailto:detarineu@ludens.elte.hu
dx.doi.org/10.1016/j.brainresbull.2007.01.006
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43] with symmetrical synapses [43] that are assumed to
e inhibitory [28]. In anesthetized rats, NPY containing BF
eurons represent a subpopulation of S-cells (slow-wave-active
ells) which are silent during spontaneous or tail pinch-induced
ortical activation, but have a higher firing rate during episodes
f cortical slow waves [9]. These neurons have been suggested
o inhibit cortically projecting cholinergic neurons [9]. In our
revious experiments, significant changes were found in the
psilateral fronto-parietal EEG after NPY injections into the BF
f urethane-anaesthetized rats [38]. EEG delta power increased,
hile power in higher frequency ranges (theta, alpha, and beta)
ecreased. These observations suggest that basal forebrain
PY might have a role in the regulation of cortical activation.
he aim of the present experiments was to examine whether
PY infusion into the BF of freely moving rats can modulate

leep–wake stages and behavior.

. Methods

.1. Surgical procedure

Adult male Wistar rats (n = 9, 265–295 g) were used in the experiments. The
nimals were anesthetized with sodium pentobarbital (Nembutal, 40 mg/kg ip,
hylaxia-Sanofi), and placed into a stereotaxic frame (David-Kopf) with bregma
nd lambda at the same horizontal plane [25]. To record EEG activity, 0.8 mm
tainless steel screws (Fine Science Tools, USA) were placed into burr holes over
he frontal (Br 2.0; L2.0) and parietal cortices (Br-4.5; L2.0) on both sides. An
dditional screw over the cerebellum served for grounding purposes. To monitor
MG activity, a pair of Teflon-insulated stainless steel wires (diameter: 250 �m;
alifornia Fine Wire, CA, USA) were inserted into the neck musculature close

o the caudal surface of the skull. Electrode leads were soldered to a minia-
ure female connector. Stainless steel guide cannulas (C313G/SPC, 22 gauge,
lastic One) with fitted dummy stylus (C313DC, 28 gauge, Plastics One) cut
mm longer than the guide was lowered into BF on both sides in 10o angle to
nable intraparenchymal injections. The cannulas and the connector were fixed
o the bone with cranioplastic cement (Plastic One). Following surgery, animals
ere returned to their home cages. Experiments were carried out in accordance
ith the European Communities Council Directive (86/609/EEC) and with the
uidelines set forth in the US Public Health Service manual “Humane Care and
se of Laboratory Animals” and the “Guide for the Care and Use of Labora-

ory Animals” (National Institutes of Health Guide). All efforts were made to
inimize animal suffering and the number of animals used.

.2. Electrophysiological recording

Rats were housed in individual cages located a sound-attenuated room
hroughout the whole experiment. The cages were prepared from clear Plexiglas
ylinders (height: 330 mm, diameter: 300 mm). The whole setup was similar to
hat described by Bertram et al. [2]. Water and standard laboratory chow was
iven ad libitum. The rats were exposed to a 12-h light/12-h dark cycle (lights
n at 09:30 h).

Recording sessions started after an at least 2-week long recovery period
ollowing surgery. All recordings were carried out in the home cages between
0:00 a.m. and 8:30 a.m. on the next day (22.5 h). Rats were connected to the
ecording system through flexible flat cables attached to fixed swivels (Plastic
ne or Litton) above the home cages. The animals were left connected for the
hole experiment, except for brief periods of drug treatments.

EEG was measured between the frontal and parietal electrode pairs
n both sides (FPL-fronto-parietal left, FPR-fronto-parietal right) through

ome-designed headstages based on the TLC2264I (Texas Instruments, USA)
mplifiers built into the male connector [32]. EEG and EMG signals were
mplified, filtered (0.3–100 Hz) and continuously digitalized by a pair of
nalog-to-digital (A/D) converters (UAM-3216) installed in an IBM-compatible
omputer and controlled by a custom-written software. Sampling rate was set to
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02.4 Hz to yield 512 data points per 5 s recording time to facilitate Fast Fourier
ransformation (FFT). All EEG and EMG data obtained during the recording
essions were stored on hard disk for off-line analysis.

.3. Behavioral recording

Behavior was recorded in the first four hours of the sessions by commercial
ideo equipments. Videotapes were analyzed off-line by observers blind to the
reatment received by the animals. Using custom-written software, they scored
ehavioral items into one of the following categories: quiet (absence of loco-
otion or movement of body parts), moving (locomotion or movement of body

arts), grooming, rearing, drinking, and eating. Time spent with the different
ehavioral items was summarized for consecutive half hours.

.4. Treatments

Rats were placed into small, open boxes during injections and were gen-
ly restrained to prevent escaping if needed. Dummy cannulas were replaced
y 28 gauge internal cannulas (C313I/SPC, Plastics One) connected through
olyethylene tubing to microprocessor controlled syringe pumps (IITC Inc.,
A, USA) holding two microsyringes (Hamilton, 25 �l). Pressure injections

volume 0.5 �l, speed 0.25 �l/min) were carried out bilaterally. Cannulas were
eft in place for an additional 2 min following injection. Rats were habituated
o the injection procedure before treatments started. We did not observe visible
igns of stress response during the injection procedures.

NPY (Sigma–Aldrich, Schnelldorf, Germany) was dissolved in sterile phys-
ological saline and administered in a dose of either 300 or 500 pmol/0.5 �l. The
eft side always received saline, while to the right side either saline (control) or
ne of the two NPY doses was injected. Each rat received all three treatments
n a randomized order. Treatments were separated by at least 2 days.

.5. Data analysis

To separate sleep stages, power spectra were constructed for consecutive 5-s
pochs from the EEG signals using a custom-made software. From the spec-
ra, integrated power of the following frequency bands was calculated: low
elta (0.5–2 Hz), high delta (2–4 Hz), total delta (0.5–4 Hz), theta (4–10 Hz),
lpha (10–16 Hz), beta (16–30 Hz), and gamma (30–48 Hz). In addition, ratio
f theta and total delta bands were also determined. EMG power was integrated
etween 5 and 48 Hz. All these values were stored and used in the next steps
f the analysis. EEG recordings were 22.5 h long, but only the first 4 h were
valuated.

Sleep stages were scored with the help of an interactive, semiautomatic
omputer program using EEG data from the control (FPL, saline-injected) side.
pochs containing artefacts were marked and excluded from further analysis. PS

paradoxical sleep) epochs were also marked manually, by inspecting the calcu-
ated power values, the theta/delta ratio and the original EEG/EMG recordings.
nly PS epochs longer than 30 s were included in the analysis.

EEG slow wave content (delta power, 0.5–4 Hz) is closely and inversely
elated to the level of cortical arousal [29], thus this parameter was used for
n approximate discrimination of active (AW) and quiet (QW) wakefulness,
ight (LS) and deep (DS) sleep, as described earlier [6,8]. Briefly, delta power
istograms were constructed from the control recording taken after saline treat-
ent, excluding PS epochs. Five-second periods with delta power values falling

nto the uppermost quarter (above 75% percentile) of the histogram were cate-
orized as DS, while periods with power values falling into the third, second and
rst quarter of the histogram were identified as LS, QW, and AW, respectively.
elta power values limiting the four quarters of the histogram were then used

s criteria for scoring all the other recordings. Total wakefulness (tWAKE; AW
nd QW together) as well as total slow wave sleep (tSWS; LS and DS together)
ere also calculated.
.6. Statistical analysis

Behavioral and sleep data were analyzed in consecutive 30-min long periods.
he first half hour was left out, as rats needed time to calm down follow-

ng the injection procedure. Time spent with a given behavioral element was
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ummarized for consecutive half hours and expressed as percent of the period.
leep–wake stages were similarly summarized, but in this case the number of
pochs for the different sleep–wake states was also calculated. Statistical sig-
ificance of the observed changes was checked with two-way mixed-design
NOVA (split-plot) with time as the first, and NPY dose as the second fac-

or. All tests were two-tailed and p < 0.05 was accepted as the lowest limit of
ignificant difference.

.7. Histology

When all treatments were completed, animals were deeply anesthetized with
rethane (1.2 g/kg, ip). To assess the spread of injected peptides in the BF and
o verify the cannula locations, horseradish peroxidase (HRP; Sigma–Aldrich,
chnelldorf, Germany) was injected (5% solution, 0.5 �l) through the implanted
annulas. Rats were transcardially perfused with 150 ml of 0.9% saline followed
y 400 ml of 4% paraformaldehyde in PBS (pH 7.4) immediately after the HRP
njection to prevent uptake and cellular transport. Brains were removed and
ryoprotected in the same fixative containing 30% sucrose until equilibration.
oronal sections (50 �m) were cut through the area of interest with a freezing
icrotome.

The peroxidase reaction was visualized with 3,3′-diaminobenzidine (DAB;
igma–Aldrich, Schnelldorf, Germany) as the chromogen. The spread of HRP
as found to be about 1000 �m from the injection site. Sections were coun-

erstained with gallocyanine (Sigma, Germany), dehydrated, and coverslipped
ith DepEx (Serva, Heidelberg, Germany). Injection sites were located based
n the stereotaxic atlas of Paxinos and Watson [25].

. Results

.1. Behavioral changes
Rats tolerated handling and administration of drugs with-
ut intensive struggling or vocalization. However, the injection
rocedure caused a transient, non-specific behavioral activa-

v
t
m
l

ig. 1. Behavioral effects of NPY injected to the BF (n = 8). (A) Moving, (B) quiet,
uiet state changed in a characteristic fashion in the control as well as in all other reco
hase II: half hours 3 and 4, phase III: half hours 5 and 6). NPY and saline injections w
h. The first half hours after the injections were excluded from the analysis. After the

rom the consecutive 30 min long periods and expressed as percent of the period. Ast
alue after the NPY injections. Significance was tested with two-way mixed-design A
re expressed as mean and S.E.M.
ulletin 72 (2007) 293–301 295

ion gradually wearing down during the first half hour after the
njection. This period was excluded from behavioral as well
s from sleep analysis. Following this period, the motionless
tate dominated the behavior of rats, representing in average
t least 60% of total recording time. However, moderate dif-
erences in the proportion of the quiet state in the control as
ell as in all other recording sessions enabled the definition
f three consecutive phases (Fig. 1). Phase I (half hour 2) was
haracterized by a relatively high amount of activated behav-
oral items (moving, rearing, grooming) probably still due to
he aftereffects of injection. In phase II (half hours 3 and 4)
ctivity sharply decreased, sleep increased. This period was fol-
owed by the reappearance of activity in phase III (half hours 5
nd 6). In general, NPY caused only mild to moderate changes
n behavior that often remained below the p < 0.05 significance
evel.

Phase I. Both NPY doses significantly increased rearing, eat-
ng and drinking activity compared to saline control (Fig. 1). The
ower dose significantly increased grooming too. However, the
ominant behavior was quiet state and moving, occupying about
0% and 15% of the total time, respectively (Fig. 1A and B).

Phase II. Moving, rearing, grooming, and eating strongly
ecreased in half hour 3 and remained low in half hour 4 as
ell. At the same time, quiet, motionless state increased after

aline as well as NPY treatments. As rats spent most of the time
otionless and other behavioral elements were only sporadic,
ery few significant changes were seen. NPY treatment tended
o decrease movements and increase quiet state. This effect was

ore pronounced with the lower dose and reached significant
evels in half hour 4. Drinking occurred less frequently after any

(C) rearing, (D) grooming, (E) eating and (F) drinking. The proportion of the
rdings enabling the definition of three consecutive phases (phase I: half hour 2,

ere made at the beginning of the light period and behavior was videotaped for
excluded period, values scored as a given behavioral element were summarized
erisk (*) indicates significant deviation from the corresponding control (saline)
NOVA (split-plot). Significance levels: *p < 0.05; **p < 0.01; ***p < 0.001. Data
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f the NPY doses compared to saline injection (Fig. 1F). This
ifference might have reflected some rebound effect, as during
hase I, treatment groups drank more frequently than controls.

Phase III. Following the behavioral inactivity in half hours
and 4, rats became more active again, regardless of the treat-
ent. The lower NPY dose significantly decreased time spent
otionless and increased grooming, eating and drinking in half

our 5. Grooming was still high in half hour 6 (Fig. 1D). The
igher dose caused less significant changes in behavior, though
t strongly increased grooming and eating in half hour 6.

.2. Sleep changes

NPY injections into the basal forebrain caused no abnor-
al EEG activity and only moderate changes in the sleep–wake

tates (Figs. 2 and 3). The three consecutive phases described
uring the behavioral analysis were partly reflected in the relative
roportion of sleep–wake stages as well.

Phase I. Half hour 2 following treatment was characterized
y behavioral activation. The lower dose of NPY increased
he amount of wakefulness (Fig. 2C) and decreased deep sleep

Fig. 3D). Similar, but much weaker effects were seen after the
igher dose. In this case, changes were not statistically signifi-
ant. The amount of light sleep and paradoxical sleep remained
nchanged (Fig. 3A and B).

p
l
w

ig. 2. Effects of NPY injected to the BF on wakefulness (n = 6). The figure shows
akefulness, (C) total wakefulness (active and quiet wakefulness together), (D) abso

njections were made at the beginning of the light period. The first half hour after th
ere analyzed in 30 min long blocks. Asterisk (*) indicates significant deviation from
as tested with two-way mixed-design ANOVA (split-plot). Significance levels: *p <
ulletin 72 (2007) 293–301

During phase II, behavioral activation was strongly reduced.
owever, this decrease of activity was not so evident in the

leep–wake data. Waking (AW, QW, tWAKE) showed moderate,
on-significant elevation in the third half hour in case of both
oses, while decrease was seen in the 4th half hour (Fig. 2). DS
nd tSWS non-significantly decreased in the third and increased
n the 4th half hour (Fig. 3C and D). Higher dose significantly
ncreased PS in the 4th half hour (Fig. 3A).

In most cases, AW, QW and tWAKE level was elevated during
hase III, while sleep values (LS, DS, PS, tSWS) decreased
Fig. 3). However, the higher NPY dose significantly increased
S and tSWS in the 5th half hour (Fig. 3C and D). After phase

II, sleep decreased and wakefulness increased until the end of
he light phase regardless of the treatment.

The observed changes in the total amount of time spent in
ifferent sleep stages resulted from the alteration of the num-
er of episodes (data not shown). Thus, NPY injections had no
nfluence on the length of single sleep–wake epochs.

.3. Histological results
As Fig. 4 depicts injection sites were located in the ventral
art of globus pallidus, substantia innominata, ventral pal-
idum and magnocellular preoptic nucleus, BF regions that
ere found to contain large numbers of cholinergic cells by

% deviation from the control and S.E.M. (A) Active wakefulness, (B) quiet
lute total wakefulness values after control (saline) injections. NPY and saline
e injections were excluded from the analysis. After the excluded period, data
the corresponding control (saline) value after the NPY injections. Significance
0.05; **p < 0.01; ***p < 0.001.
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Fig. 3. Effects of NPY injected to the BF on sleep (n = 6). The figure shows % deviation from the control and S.E.M. (A) Paradoxical sleep, (B) light sleep, (C) deep
sleep, (D) total slow wave sleep (light and deep sleep together), (E) absolute total slow wave sleep values after control (saline) injections. NPY and saline injections
were made at the beginning of the light period. The first half hour after the injections were excluded from the analysis. After the excluded period, data were analyzed
in 30 min long blocks. Blank asterisk (�) indicates significant deviation from the corresponding control (saline) value after the injection of the lower NPY dose
( ondin
t 0.01
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e
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300 pmol/0.5 �l). Asterisk (*) indicates significant deviation from the corresp
wo-way mixed-design ANOVA (split-plot). Significance levels: *p < 0.05; **p <

revious anatomical studies [24,25]. There were no systematic
ifferences in NPY effects depending on the exact site of the
njection (data not shown). Fig. 5 shows a photomicrograph of
representative cannula location in the BF.

. Discussion
These data represent the first examination of sleep and behav-
oral effects of NPY injected to the BF in freely moving rats. In
ur previous experiments in urethane-anaesthetized rats, NPY
njection to BF increased delta power and decreased power in

s

s
f

g control (saline) value after the NPY injections. Significance was tested with
; ***p < 0.001.

igher frequency ranges (theta, alpha and beta) in the ipsilat-
ral EEG [38]. We attributed these changes to a local inhibitory
ffect of NPY on corticopetal neurons, and expected a decrease
n wakefulness and an increase in sleep following BF NPY injec-
ions in freely moving rats. In contrast, changes were more
omplex, but a tendency toward more wakefulness and more
requent occurance of behavioral elements related to the waking

tate were observed, especially following the lower dose.

NPY was found to influence spontaneous behavior in several
tudies after icv or intraparenchymal administration into dif-
erent brain regions. NPY effects clearly depended on the site
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Fig. 4. Cannula locations in the basal forebrain. For the sake of clarity, every
injection sites are drawn to one side. Frontal sections are derived from stereotaxic
atlas of Paxinos and Watson [25]. Numbers on the right site indicate distance
from Bregma. Legends: (�) NPY injection sites in rats included both in sleep
and behavioral analysis (six sites), (�) saline injection sites in rats included
both in sleep and behavioral analysis (six sites), (�) NPY injection sites in rats
included only in the behavioral analysis (two sites), (©) saline injection sites
in rats included only in the behavioral analysis (two sites). Abbreviations: 3V,
third ventricle; B, nucleus basalis Meynert; CeM, central amygdala, medial; CPu,
caudate putamen; GP, globus pallidus; HDB, horizontal limb of diagonal band;
ic, internal capsule; LGP, lateral globus pallidus; LH, lateral hypothalamus; LPO,
lateral preoptic area; MCPO, magnocellular preoptic nucleus; ox, optic chiasm;
SIB, substantia innominata; basal part; SID, substantia innominata, dorsal part;
SIV, substantia innominata, ventral part; VP, ventral pallidum.

Fig. 5. Photomicrograph showing a representative cannula location in the basal
forebrain. Arrowhead marks the tip of the guide cannula in the substantia innom-
i
c
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nata. Abbreviations: CPu, caudate putamen; LH, lateral hypothalamus; ox, optic
hiasm; SI, substantia innominata. Calibration bar: 1 mm.

f administration. For example, icv NPY administration sig-
ificantly decreased motor activity both in an open field and
n the home cage [14,20], increased muscle tone and induced
atalepsy in a dose dependent manner [20]. In contrast, both
xploratory and locomotor activity increased after intracorti-
al NPY administration [33], but no changes were found in
ocomotion and feeding when NPY was injected into the cen-
ral nucleus of the amygdala [22]. Our results suggest that BF
PY injections caused global changes in cortical activity and

rousal, but this aroused state was not accompanied by increased
ocomotion.

NPY was found to increase feeding after icv injection [18].
eeding as well as drinking increased when NPY was injected

nto the paraventricular nucleus [34]. We found significant incre-
ent in time spent with eating at both NPY doses (Fig. 1E).
owever, the exact weight of consumed food pellets as well as

he volume of consumed water was not measured. NPY injec-
ions influenced drinking in a complex pattern. Strong drinking
esponse was seen shortly after the injections (phase I) and
oward the end of behavioral recordings (phase III, Fig. 1F),
ut significant decrease was detected in phase II. In our exper-
ments, both NPY doses increased grooming. However, time
pent with grooming was found unchanged following icv admin-

stration [18] and following injection into the paraventricular
ucleus [34]. Rearing activity significantly increased after the
njection of NPY (Fig. 1C) in phase I in our experiments. How-
ver, icv injection was found to reduce rearing activity [39] while
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PY injections to the paraventricular nucleus did not change its
ccurance [34].

Previous studies, in which sleep effects of NPY were
xamined, yielded conflicting results. In one study, icv NPY
dministration in freely moving rats caused no significant dif-
erence in time spent in slow wave sleep [10]. However, a
ecent study reported sleep suppression [36]. As NPY is abun-
ant in structures surrounding the third ventricle, this route of
dministration is not appropriate to reveal the complex nature
f NPY effects on sleep regulation. Local NPY injections
o different structures caused various effects. Administration
o the paraventricular nucleus did not influence sleep [34],
hile lateral hypothalamic infusion suppressed both non rapid-

ye-movement- and rapid-eye-movement sleep [36]. In our
xperiments, NPY was injected into the BF and we found sig-
ificant sleep–wake changes. It seems to be likely, that similar
o the behavioral effects, sleep effects of NPY strongly depend
n the site of administration. As BF is an important brain region
nvolved in the regulation of cortical activation and sleep–wake
tages [21,7,44] our results suggest a role for NPY in sleep–wake
egulation via the BF. However, BF is an anatomically very com-
lex area with many different cell types. To precisely localize the
ite of action, selective blockade of the NPY effect on these dif-
erent components would be needed. This would be very difficult
o accomplish, as NPY receptors are not differentially distributed
n this area.

We tested NPY effects in two doses: 300 and 500 pmol/rat.
he two doses caused different, often opposing changes both

n sleep and behavioral parameters. In our preliminary exper-
ments, a separate set of rats were injected with a low NPY
ose (100 pmol/rat) (data not shown). This dose caused sim-
lar behavioral and sleep changes as the 300 pmol/rat dose in
he present experiment. It is known from the literature that NPY
an elicit opposite physiological changes depending on the dose.

hen administered in the lateral hypothalamus, NPY produced
biphasic effect: hyperthermia at low doses (30–50 pmol) and
ypothermia at high doses (200–400 pmol) [19]. However, the
xact mechanism of this phenomenon is unknown. Our sleep
s well as behavioral data show similar biphasic changes and
t is possible that similar mechanism can explain the previous
ndings and our results.

One of the most important questions arising about the NPY
ffects in the BF is that what kind of cell groups are mediating
he effects. HRP injected into the same area of the BF diffused
or a distance of about 1 mm (see Section 2). Because of the dis-
ance between the injection sites and the third ventricle exceeded
he distance of NPY diffusion (2.5–3 mm versus 1 mm), it is
nlikely that NPY could reach the lumen of the ventricle.
hus, the changes in the EEG are probably due to local actions
f NPY.

Different parts of the BF contain rather heterogeneous cell
opulations [42,43]. Although the number of the NPY con-
aining BF cells are relatively low [44], these cells might play

n important role in the regulation of activity of different BF
ell groups. Injection of different neuropeptides to the BF was
ound to cause sleep and EEG changes. These effects were often
ttributed to changes in the activity of BF cholinergic neurons
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voked by the injected peptide. This mechanism was proposed
or neurotensin [4], somatostatin [12] and NPY [38]. NPY con-
aining terminals were shown to form symmetrical synapses
ith cholinergic neurons [43] and were assumed to be inhibitory

28]. Somatostatin containing cells were also found to synapse
ith cholinergic projection neurons [44]. Administration of the

omatostatin analog octreotide into lateral sites of the lateral pre-
ptic area and lateral hypothalamus stimulated sleep, perhaps via
nhibiting cholinergic neurons [12]. However, the exact interac-
ion between the activity of BF cholinergic and NPY-containing
ells are unknown in vitro as well as in vivo.

Firing of BF neurons was found to be closely associated
ith the sleep–wake stages (for a recent review, see [7]). Even
ithout direct evidences (i.e. histochemical identification of the

ecorded neuron), it was suggested that the activity of the cholin-
rgic BF cells show strong variations during the sleep–wake
ycle [5]. It may be hypothesized that firing of NPY-containing
ells also show correlation with the different vigilance levels.
hus, NPY cells may influence cholinergic BF cells to a dif-

erent extent during the different sleep–wake stages. However,
here is no direct information to date about changes in NPY or
PY-mRNA levels or in the intensity of NPY transmission in the
F across the sleep–wake cycle. Cholinergic projection neurons

epresent important synaptic targets for BF NPY neurons as well
s for other peptidergic BF interneurons. Previous studies have
hown that at least half of the cortically projecting basal fore-
rain neurons are GABAergic [31]. However, there are no data
n NPY neurons innervating corticopetal GABAergic BF cells.
f this were the case, then NPY could influence cortical activity
hrough GABAergic cells in addition to cholinergic neurons. The
rea where NPY was injected contains not only cholinergic and
ABAergic corticopetal neurons, but supposedly glutamatergic

ells as well, some of which might be corticopetal projection
eurons [17]. Thus, further studies are needed to determine the
xact targets of NPY through which the observed sleep effects
ere induced.
EEG effects of NPY injected to BF seem to depend on the

ctual state of the BF neural circuits. In urethane-anaesthetized
ats, NPY had no effect on cortical EEG in very deep anesthe-
ia (our unpublished observations). When anesthesia was more
uperficial, clear EEG effect was observed [38]. In anesthetized
nimals, activity of BF circuits is depressed to an extent depend-
ng on the depth of anesthesia. Thus, NPY seems to cause EEG
hanges only when the activity of BF circuits is considerably
igh. In freely moving rats, BF activity is considerably higher
ompared to urethane-anaesthesia. In contrast to our expecta-
ions, BF injection of NPY increased wakefulness and waking
ehaviors especially in the lower dose. In earlier reports, NPY
as found to modulate the release of several neurotransmitters

13,23], among others GABA, through presynaptic mechanisms
35]. On the other hand, BF cholinergic neurons have been
hown to be under GABAergic control [45] that was more pro-
ounced during activated states [11,30]. Thus, disinhibition of

holinergic cells might explain the increase of waking behav-
ors, while the weaker effect following the higher dose and the
ncrease of slow activity in the anesthetized preparation might
e attributed to an opposite, direct effect on cholinergic cells.
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rı́más Józsefné for excellent technical assistance.

eferences

[1] C. Aoki, V.M. Pickel, Neuropeptide Y in the cerebral cortex and
the caudate-putamen nuclei: ultrastructural basis for interactions with
GABAergic and non-GABAergic neurons, J. Neurosci. 9 (1989)
4333–4354.

[2] E.H. Bertram, J.M. Williamson, J.F. Cornett, S. Spradlin, Z.F. Chen, Design
and construction of a long-term continuous video-EEG monitoring unit for
simultaneous recording of multiple small animals, Brain Res. Brain Res.
Protoc. 2 (1997) 85–97.

[3] K. Bugarith, T.T. Dinh, A.J. Li, R.C. Speth, S. Ritter, Basomedial hypotha-
lamic injections of neuropeptide Y-saporin (NPY-SAP) selectively disrupt
hypothalamic controls of food intake, Endocrinology (2004).

[4] E.G. Cape, I.D. Manns, A. Alonso, A. Beaudet, B.E. Jones, Neurotensin-
induced bursting of cholinergic basal forebrain neurons promotes gamma
and theta cortical activity together with waking and paradoxical sleep, J.
Neurosci. 20 (2000) 8452–8461.

[5] L. Detari, G. Juhasz, T. Kukorelli, Firing properties of cat basal fore-
brain neurones during sleep–wakefulness cycle, Electroencephalogr. Clin.
Neurophysiol. 58 (1984) 362–368.

[6] L. Detari, T. Kukorelli, T. Hajnik, Long-term sleep deprivation by hypotha-
lamic stimulation in cats, J. Neurosci. Meth. 49 (1993) 225–230.

[7] L. Detari, D.D. Rasmusson, K. Semba, The role of basal forebrain neurons
in tonic and phasic activation of the cerebral cortex, Prog. Neurobiol. 58
(1999) 249–277.

[8] L. Detari, V. Szentgyorgyi, T. Hajnik, G. Szenasi, I. Gacsalyi, T. Kukorelli,
Differential EEG effects of the anxiolytic drugs, deramciclane (EGIS-
3886), ritanserin and chlordiazepoxide in rats, Psychopharmacology (Berl.)
142 (1999) 318–326.

[9] A. Duque, B. Balatoni, L. Detari, L. Zaborszky, EEG correlation of the
discharge properties of identified neurons in the basal forebrain, J. Neuro-
physiol. 84 (2000) 1627–1635.

10] C.L. Ehlers, C. Somes, A. Lopez, D. Kirby, J.E. Rivier, Electrophysiologi-
cal actions of neuropeptide Y and its analogs: new measures for anxiolytic
therapy? Neuropsychopharmacology 17 (1997) 34–43.

11] B. Givens, M. Sarter, Modulation of cognitive processes by transsynaptic
activation of the basal forebrain, Behav. Brain Res. 84 (1997) 1–22.

12] I. Hajdu, E. Szentirmai, F. Obal Jr., J.M. Krueger, Different brain structures
mediate drinking and sleep suppression elicited by the somatostatin analog,
octreotide, in rats, Brain Res. 994 (2003) 115–123.

13] J.A. Hastings, J.M. McClure-Sharp, M.J. Morris, NPY Y1 receptors exert
opposite effects on corticotropin releasing factor and noradrenaline over-
flow from the rat hypothalamus in vitro, Brain Res. 890 (2001) 32–37.

14] M. Heilig, G.F. Koob, R. Ekman, K.T. Britton, Corticotropin-releasing
factor and neuropeptide Y: role in emotional integration, Trends Neurosci.
17 (1994) 80–85.

15] M. Heilig, R. Murison, Intracerebroventricular neuropeptide Y suppresses
open field and home cage activity in the rat, Regul. Pept. 19 (1987) 221–231.

16] Y. Hu, J.C. Dunbar, Intracerebroventricular administration of NPY
increases sympathetic tone selectively in vascular beds, Brain Res. Bull.
44 (1997) 97–103.
17] E.E. Hur, L. Zaborszky, Vglut2 afferents to the medial prefrontal and
primary somatosensory cortices: a combined retrograde tracing in situ
hybridization, J. Comp. Neurol. 483 (2005) 351–373.

18] T. Ida, K. Nakahara, T. Katayama, N. Murakami, M. Nakazato, Effect of
lateral cerebroventricular injection of the appetite-stimulating neuropep-

[

ulletin 72 (2007) 293–301

tide, orexin and neuropeptide Y, on the various behavioral activities of rats,
Brain Res. 821 (1999) 526–529.

19] F.B. Jolicoeur, S.M. Bouali, A. Fournier, S. St Pierre, Mapping of hypotha-
lamic sites involved in the effects of NPY on body temperature and food
intake, Brain Res. Bull. 36 (1995) 125–129.

20] F.B. Jolicoeur, J.N. Michaud, R. Rivest, D. Menard, D. Gaudin, A. Fournier,
S. St Pierre, Neurobehavioral profile of neuropeptide Y, Brain Res. Bull.
26 (1991) 265–268.

21] B.E. Jones, Activity, modulation and role of basal forebrain cholinergic neu-
rons innervating the cerebral cortex, Prog. Brain Res. 145 (2004) 157–169.

22] S.N. Katner, C.J. Slawecki, C.L. Ehlers, Neuropeptide Y administration
into the amygdala does not affect ethanol consumption, Alcohol 28 (2002)
29–38.

23] J.R. Martin, Neuropeptide Y potentiates the pressor response evoked by car-
bachol administration into the posterior hypothalamic nucleus of conscious
rat, Brain Res. 949 (2002) 79–87.

24] M.M. Mesulam, E.J. Mufson, A.I. Levey, B.H. Wainer, Cholinergic
innervation of cortex by the basal forebrain: cytochemistry and cortical
connections of the septal area, diagonal band nuclei, nucleus basalis (sub-
stantia innominata), and hypothalamus in the rhesus monkey, J. Comp.
Neurol. 214 (1983) 170–197.

25] G. Paxinos, C. Watson, The rat brain in stereotaxic coordinates, 4th Ed.,
Academic Press, London, 1998.

26] T. Pedrazzini, F. Pralong, E. Grouzmann, Neuropeptide Y: the universal
soldier, Cell Mol. Life Sci. 60 (2003) 350–377.

27] J.P. Redrobe, Y. Dumont, J.A. St Pierre, R. Quirion, Multiple receptors
for neuropeptide Y in the hippocampus: putative roles in seizures and
cognition, Brain Res. 848 (1999) 153–166.

28] C.E. Ribak, R.C. Roberts, GABAergic synapses in the brain identified with
antisera to GABA and its synthesizing enzyme, glutamate decarboxylase,
J. Electron Microsc. Tech. 15 (1990) 34–48.

29] P. Riekkinen Jr., J. Sirvio, T. Hannila, R. Miettinen, P. Riekkinen, Effects of
quisqualic acid nucleus basalis lesioning on cortical EEG, passive avoid-
ance and water maze performance, Brain Res. Bull. 24 (1990) 839–842.

30] M.F. Sarter, J.P. Bruno, Cognitive functions of cortical ACh: lessons from
studies on trans-synaptic modulation of activated efflux, Trends Neurosci.
17 (1994) 217–221.

31] M. Sarter, J.P. Bruno, The neglected constituent of the basal forebrain cor-
ticopetal projection system: GABAergic projections, Eur. J. Neurosci. 15
(2002) 1867–1873.

32] F.Z. Shaw, C.J. Lai, T.H. Chiu, A low-noise flexible integrated system for
recording and analysis of multiple electrical signals during sleep–wake
states in rats, J. Neurosci. Meth. 118 (2002) 77–87.

33] A. Smialowski, L. Lewinska-Gastol, M. Smialowska, The behavioural
effects of neuropeptide Y (NPY) injection into the rat brain frontal cortex,
Neuropeptides 21 (1992) 153–156.

34] B.G. Stanley, S.F. Leibowitz, Neuropeptide Y: stimulation of feeding and
drinking by injection into the paraventricular nucleus, Life Sci. 35 (1984)
2635–2642.

35] Q.Q. Sun, G. Akk, J.R. Huguenard, D.A. Prince, Differential regulation of
GABA release and neuronal excitability mediated by neuropeptide Y1 and
Y2 receptors in rat thalamic neurons, J. Physiol. 531 (2001) 81–94.

36] E. Szentirmai, J.M. Krueger, Central Administration of Neuropeptide Y
Induces Wakefulness in Rats, Am. J. Physiol. Regul. Integr. Comp. Physiol.
(2006).

37] R. Tamiya, M. Hanada, S. Inagaki, H. Takagi, Synaptic relation between
neuropeptide Y axons and cholinergic neurons in the rat diagonal band of
Broca, Neurosci. Lett. 122 (1991) 64–66.

38] A. Toth, L. Zaborszky, L. Detari, EEG effect of basal forebrain neuropeptide
Y administration in urethane anaesthetized rats, Brain Res. Bull. 66 (2005)
37–42.

39] S. von Horsten, N.G. Exton, M.S. Exton, F. Helfritz, H. Nave, J. Ballof,
M. Stalp, R. Pabst, Brain NPY Y1 receptors rapidly mediate the behavioral

response to novelty and a compartment-specific modulation of granulocyte
function in blood and spleen, Brain Res. 806 (1998) 282–286.

40] C. Wahlestedt, E.M. Pich, G.F. Koob, F. Yee, M. Heilig, Modulation of anx-
iety and neuropeptide Y-Y1 receptors by antisense oligodeoxynucleotides,
Science 259 (1993) 528–531.



rch B

[

[

[

[
circuitry, Front Biosci. 8 (2003) d1146–d1169.
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