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Effects of Saporin-Induced Lesions of Three Arousal
Populations on Daily Levels of Sleep and Wake

Carlos Blanco-Centurion, Dmitry Gerashchenko, and Priyattam J. Shiromani
West Roxbury Veterans Affairs Medical Center and Harvard Medical School, West Roxbury, Massachusetts 02132

The hypocretin (HCRT) neurons arelocated only in the perifornical area of the lateral hypothalamus and heavily innervate the cholinergic
neurons in the basal forebrain (BF), histamine neurons in the tuberomammillary nucleus (TMN), and the noradrenergic locus ceruleus
(LC) neurons, three neuronal populations that have traditionally been implicated in regulating arousal. Based on the innervation, HCRT
neurons may regulate arousal by driving these downstream arousal neurons. Here, we directly test this hypothesis by a simultaneous
triple lesion of these neurons using three saporin-conjugated neurotoxins. Three weeks after lesion, the daily levels of wake were not
changed in rats with double or triple lesions, although rats with triple lesions were asleep more during the light-to-dark transition period.
The double- and triple-lesioned rats also had more stable sleep architecture compared with nonlesioned saline rats. These results suggest
that the cholinergic BF, TMN, and LC neurons jointly modulate arousal at a specific circadian time, but they are not essential links in the
circuitry responsible for daily levels of wake, as traditionally hypothesized.
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Introduction

A distributed network of neurons in the hypothalamus and
brainstem are hypothesized to be responsible for arousal. Chief
among these are neurons containing the neuropeptide hypocre-
tin (HCRT), also known as orexin, located in the perifornical
region of the lateral hypothalamus (de Lecea et al., 1998; Peyron
et al., 1998). Loss of these neurons has been linked to the sleep
disorder narcolepsy (Peyron et al., 2000; Thannickal et al., 2000).
Consistent with such a neuronal degeneration, narcoleptic pa-
tients have reduced CSF levels of HCRT (Nishino et al., 2001).
Mice (Chemelli et al., 1999; Hara et al., 2001) and rats (Gerash-
chenko et al., 2001a, 2003; Beuckmann et al., 2004) with either
loss of HCRT or of the HCRT neurons exhibit symptoms of
narcolepsy. Canines with narcolepsy possess a mutation in the
hypocretin-2 receptor (Lin et al., 1999) and mice with a deletion
of this receptor (Willie et al., 2003) also show symptoms of
narcolepsy.

The HCRT neurons project to virtually the entire brain and
spinal cord but the innervation of the neuronal populations tra-
ditionally implicated in arousal is especially heavy (de Lecea et al.,
1998; Peyron et al., 1998). Based on this innervation, and the
finding that loss of HCRT leads to a profound sleep disturbance,
HCRT may drive arousal by acting on these downstream arousal
neurons (Saper et al., 2005). Thus, lesioning of the downstream
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arousal neurons should decrease wake and increase sleep, includ-
ing narcoleptic behavior. Here, we test this hypothesis by using
three saporin-based neurotoxins to lesion the basal forebrain
(BF) cholinergic neurons, the locus ceruleus (LC), and the tube-
romammillary nucleus (TMN), and then determining whether
rats with such a triple lesion sleep more. These three neuronal
populations have been implicated in arousal based on pharma-
cological studies (Jones, 2005) and on the firing patterns of their
respective neurons (Chu and Bloom, 1973; John et al., 2004; Lee
etal.,2005). HCRT receptors are present on their neurons (Greco
and Shiromani, 2001; Marcus et al., 2001), and application of
HCRT in the BF (Blanco-Centurion et al., 2006b), TMN (Huang
et al., 2001), or LC (Bourgin et al., 2000) has a potent arousing
effect. Individual lesions of the BF cholinergic neurons (Blanco-
Centurion et al., 2006a), TMN (Gerashchenko et al., 2004), or LC
(Blanco-Centurion etal., 2004) does not change daily amounts of
sleep—wake, but this might be because the other nonlesioned
arousal groups compensate and stabilize the sleep—wake network.
However, a combined triple lesion of the BF cholinergic neurons,
TMN, and LC would for the first time directly test whether they
are important links in the circuit responsible for wake, as has been
traditionally hypothesized.

Materials and Methods

Subjects and surgical procedure. Forty-four adult male Sprague Dawley
rats (400—620 g; 4—6 months; Charles River Laboratories, Wilmington,
MA) were deeply anesthetized (with a mixture of 10 mg/kg xylazine and
80 mg/kg ketamine, i.m.) and placed in a stereotaxic apparatus (Kopf,
Tujunga, CA). Using a glass micropipette (20 um tip diameter; FHC,
Bowdoinham, ME) coupled to a pressure injector (Picospritzer; General
Valve, Fairfield, NJ), the experimental rats (n = 38) were given anti-
dopamine-S-hydroxylase saporin (anti-DBH-SAP) to the LC (1 pg/ulin
0.25 ul each side; Chemicon International, Temecula, CA; MAB394)
[anterior (A), —0.8; lateral (L), =1.6; ventral (V), +3.0 mm; coordinates
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based on interaural line], and hypocretin2-
saporin to the TMN (Hcrt2-SAP; also termed
orexin-SAP) (250 ng/ul in 0.25 ul; Advanced
Targeting Systems, San Diego, CA; IT-20; A,
—4.2; L, =0.7; V, —9.3 mm below the dura; co-
ordinates based on bregma). In these rats, 192-
IgG-saporin (2 ug/ul; total volume injected, 3
wul; Chemicon International; MAB390) was
placed into the lateral ventricle via the gravity
method using a stainless-steel cannula. The can-
nula and the glass micropipettes were left in
place for 5 min and then withdrawn slowly.
Control rats (n = 6) were given pyrogen-free
saline (Sigma-Aldrich, St. Louis, MO) in lieu of
the three different neurotoxins.

At the same time, sleep recording electrodes
were implanted as described previously
(Gerashchenko et al., 2001a). Briefly, two screws
(Plastics One, Roanoke, VA) were inserted 2
mm on either side of the midline suture and 3
mm anterior to bregma (frontal cortex); the
other two screws were located 3 mm on either
side of the midline and 6 mm posterior to
bregma (occipital cortex). The electroencepha-
logram (EEG) was recorded from two contralat-
eral (frontal-occipital) screw electrodes,
whereas the electromyogram (EMG) signal was
recorded from two multistranded wires inserted
bilaterally into the nuchal muscles. All experi-
mental procedures performed on live animals
were approved and complied with the guidelines
issued by the local animal care committee.

Polysomnographic recordings and sleep data
analysis. Immediately after surgery, rats were
housed individually with food and water avail-
able ad libitum, and sleep—wake states were con-
tinuously recorded for 3 weeks. The EEG re-
cordings were made in an isolated room at 20—
23°C, with a 12 h light/dark cycle schedule (7:00
A.M. lights on; 200 lux). Contralateral frontal-
occipital and nuchal muscles voltages were am-
plified, filtered (0.3-70 Hz for EEG, 0.1-1 kHz
for EMG; model 12; Grass, West Warwick, RI),
digitized (sampling frequency, 128 Hz; National
Instruments, Austin, TX), and stored in a computer using the ICELUS
data acquisition software (Mark Opp, University of Michigan, Ann
Arbor, MI). Data from 19th and 20th (or 20 and 21 d) postinjection days
were analyzed by a technician (E. Winston) blind to the treatment. The
data from two consecutive 24 h periods were combined to generate a
single value representative of the third postinjection week.

The EEG/EMG data were analyzed in 12 s epochs for wake, non-rapid
eye movement (non-REM) sleep, and REM sleep using the ICELUS soft-
ware. Waking EEG was identified by the presence of desynchronized EEG
activity, high EMG integrated activity coupled with low delta power rel-
ative to non-REM sleep. Non-REM sleep was characterized by high am-
plitude—slow wave EEG activity coupled to low EMG activity and high

Figure 1.
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The loss of neurons in three arousal populations after administration of three saporin-conjugated neurotoxins.
Photomicrographs 4, C, and E depict the cholinergic neurons in the BF, the histamine neurons of the TMN, and the noradrenergic
neurons of the LC in saline-treated rats. The cholinergic BF neurons were destroyed with intracerebroventricular injection of
192-IgG-saporin (photo B). The TMN neurons were destroyed with hypocretin-2-saporin (photo D) and the noradrenergic LC
neurons were destroyed with anti-dopamine- 3-hydroxylase-saporin (photo F). Scale bars: B, D, F, 200 um. The arrows point to
few surviving neurons. E2—E3, Histaminergic clusters within the TMN according to Inagaki et al. (1990); HDB, horizontal limb of
the diagonal band of Broca; MCPO, magnocellular preoptic nucleus; Me5, mesencephalic trigeminal nucleus; SI, substantia
innominata; SubC-cx, subceruleus cv.

delta power compared with waking. REM sleep was distinguished by
hypersynchronized theta EEG activity, low to absent EMG signal relative
to non-REM sleep and high theta—low delta power spectra.
Immunohistochemistry. After sleep recordings were completed, rats
were killed with an overdose of Nembutal, perfused with 0.9% saline
solution (100 ml) followed by 10% phosphate-buffered formalin (400
ml). The brains were removed, formalin-fixed overnight, and then equil-
ibrated in 30% sucrose—PBS at 4°C. The brains were cut (frozen sections;
40 pm; coronal) in a one-in-five serial order. Free-floating sections in
each series were processed separately for detection of adenosine deami-
nase (ADA) (rabbit anti-ADA; AB176; 1:15K; Chemicon International)
to detect the histamine neurons in the TMN, choline acetyltransferase

Table 1. Average (= SEM) number of neurons in three arousal populations after administration of three saporin-conjugated toxins

Phenotype ChAT-IR (BF) ADA-IR (TMN) DBH-IR (LC) HCRT-IR (LH)
Group Cell no. 9% Lesion Cellno. 9% Lesion Cellno. % Lesion Cell no.

Saline (n = 6) 4084.8 (85.9) 0 707.8 (62.6) 0 4623 (21.6) 0 1070.2 (35.1)
BF+TMN+LC(n = 6) 443.5%%%(95.2) 89.2(23) 174.3*** (30.0) 754 (4.2) 31.2%%*(9.3) 93.3(2.0) 988.3 (115.3)
BF+LC(n=7) 159.9%** (29.6) 96.1(0.7) 355.9%% (21.5) 49.7* (3.0) 26.1%** (5.8) 943(1.2) 1020.3 (90.2)
TMN-+LC(n = 4) 2589.3*** (359.0) 36.6 (8.8) 175.8%** (30.6) 75.2(43) 16.5%** (6.1) 96.4 (1.3) 1104.8 (115.4)

In each rat, identified neurons in a specific number of tissue sections corresponding to each arousal population (for details, see Materials and Methods) were counted. The cholinergic neurons in the basal forebrain were lesioned with
192-1gG-saporin and identified with ChAT, the acetylcholine-synthesizing enzyme. To lesion hypocretin receptor-hearing neurons that are present on the histamine neurons in the TMN, hypocretin-2-saporin was administered locally. In the
TMN, an antibody against ADA identified the histamine neurons. The LC noradrenergic neurons were lesioned with anti-DBH-saporin.

*p < 0.05 versus BF +TMN+LC or TMN LG **p << 0.01 versus BF +TMN+LC or BF +LC; ***p << 0.0001 versus saline. A one-way ANOVA was used to test the means in each column followed by post hoc tests.
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Figure2.  Extentof neuronalloss because of local injection of HCRT2-SAP (250 ng/ el in 0.25 ul each side) into the TMN. HCRT2-SAP
kills neurons that possess the HCRT-2 receptor, which is on the histaminergic TMN neurons but also on other adjacent neurons. Thus, the
neuronal marker NeuN was used to assess the extent of nonspecific neuronal loss, and those regions devoid of neurons were then drawn
ontothe corresponding figurestaken from the rat brain atlas (Paxinos and Watson, 2006). Each column represents anindividual rat (marked
by numberat the top of each column) in the triple-lesion group (BF +TMN+-LC). The numbers to the left indicate anteroposterior distance
from bregmain millimeters. Arc, Arcuate n; DM, dorsomedial hypothalamus; DTM, dorsal tuberomammillary n; MM, medial mammillary n;
MMn, median mammillary n; ML, medial mammillary n lateral; LH, lateral hypothalamus; LM, lateral mammillary n; PeF, perifomical area;
PH, posterior hypothalamus; PMD, premammillary n dorsal; SuM, supramammillary n; SNR, substantia nigra reticular; VM, ventromedial
hypothalamus; Te, Terete hypothalamic n; 3V, third ventricle; f, forix; mfb, medial forebrain bundle; mt, mammilothalamic tract; mtg,
mammilotegmental tract; mp, mammillary pedundle.

(goat anti-ChAT; AB144P; 1:2K; Chemicon International), DBH (rabbit
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sioned area in rats given the HCRT2-SAP to the TMN.
Brainstem sections were processed separately to identify
the DBH-IR neurons in the LC.

The tissue sections were incubated overnight at
room temperature in the primary antibody. The fol-
lowing day, the sections were incubated in biotin-
coupled secondary antibody for 1 h (1:500; Chemi-
con International) followed by incubation in the
peroxidase—biotin—avidin complex for 1 h (Vec-
tastain Elite ABC standard kit; Vector Laboratories,
Burlingame, CA). The DAB-nickel method was used
to visualize the reaction product (DAB kit; Vector
Laboratories). For each antibody, the tissue from all
of the rats was processed in one batch.

Cell counts. The tissue sections were processed
for visualization of only one phenotype per well
(one-in-five series). All positive neurons in each
region were counted using a semiautomatic stere-
ology image analysis software (MCiD Elite Work-
station; Imaging Research, St. Catherines, Ontario,
Canada). Briefly, digitized automatic tiled images
were taken at 25X objective (40X for LC). With
the aid of the rat brain atlas (Paxinos and Watson,
2006), the region of interest was outlined on the
scanned images. For each neuronal phenotype (for
example, ChAT), an optical density threshold
(scale from 0 to 2.4 with 0 = white) was adjusted to
detect all relevant somata of that phenotype (for
example, ChAT-IR somata). This threshold was
the same for all rats (control and lesioned). Once
the threshold detected all of the relevant somata,
the images were closely examined for false posi-
tives (dirt and debris), and overlapping cell bodies
were identified and separated. In the end, clearly
identified neuronal perikarya were counted. Be-
cause antibodies with a very high degree of speci-
ficity were used and the immunoreactive neurons
were localized to a specific brain region, the labeled
neurons were easily identified (see Fig. 1).

Somata that were ChAT-IR, DBH-IR, ADA-IR, or
HCRT-IR were counted in a specific number of coronal
tissue sections depending on the distribution of the phe-
notype. ChAT-IR neurons in 11 sections taken from
planes A +1.0 to —1.3 mm from bregma (Paxinos and
Watson, 2006) were counted in the medial septum
(MS), horizontal and vertical limbs of the diagonal
bands of Broca (HDB; VDB), the magnocellular preop-
tic nucleus (MCPO), and the substantia innominata
(SI). DBH-IR somata in the locus ceruleus were
counted in five sections from A —9.3 to —10.2 mm.
ADA-IR in the TMN histaminergic neurons (E1-E5
clusters) (Inagaki et al., 1990) were counted in seven
sections from A —3.6 to —4.7 mm and HCRT-IR neu-
rons in the perifornical area were counted in six sections
from A —2.3 to —3.6 mm.

Statistical analysis. The data were analyzed using
SigmaStat (version 3.5; Systat Software, Point
Richmond, CA). One-way ANOVA with post hoc
test (Student—-Newman—Keul) compared group
means (saline vs double vs triple, except in Table 1
in which there are four groups). Pearson product-
moment correlations established relationships be-
tween sleep and number of neurons lost.

Results

anti-DBH; AB1585; 1:50K; Chemicon International), hypocretin-1 (goat N.eurotoxin-infiuced neuronal loss ) ) )
anti-Orexin A; SC 8070; 1:10K; Santa Cruz Biotechnology, Santa Cruz, Figure 1 depicts the loss of the cholinergic, adenosine
CA), and NeuN (mouse anti-NeuN; MAB 377; 1:1000; Chemicon Interna- ~ deaminase-IR and DBH-IR neurons in the BF, TMN, and LC,

tional). Tissue sections stained with NeuN identified the extent of the le-  respectively. With the administration of HCRT2-SAP to the
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TMN, the outer edges (determined by NeuN staining) reached
the caudal portions of the perifornical area. However, because
most of the HCRT neurons are located rostrally, there was no
significant HCRT neuronal loss (Table 1, Fig. 2). The rats admin-
istered the three saporin conjugates were divided into two groups
based on the degree of neuronal loss in each of the three arousal
populations (Table 1). One group was classified as a triple lesion
group (BF+TMN+LC; n = 6) based on the extent of neuronal
loss in the three arousal populations (89.2% of ChAT-BF, 75.4%
of ADA-TMN, and 93.3% of DBH-LC). A second group was
classified as a double lesion (BF+LC lesion; n = 7), and rats in
this group had significant lesions of the ChAT-BF (96.1%) and
the DBH-LC (94.3%) neurons, but only partial loss of ADA-IR
neurons in the TMN (49.7%). The third group consisted of rats
given saline (n = 6) against which the dou-
ble (BF+LC) and triple (BF+TMN+LC)
lesion groups were compared. Four other

—0—

No Lesion (n=6)
—aA— BF+LC Lesion (n=7)
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Table 2. Average (==SEM) percent wake, non-REM and REM sleep over the 24 h

Wake Non-REM REM sleep
Saline (n = 6) 54.18(0.99) 35.68 (0.89) 10.14 (0.25)
BF+LC(n=7) 52.27 (6.28) 39.48 (6.82) 8.25 (2.01)*
BF+TMN+LC(n = 6) 50.89 (5.52) 41.59 (5.81) 7.52 (1.06)*

The daily average was derived from a 48 h continuous recording of the rat's sleep that was made 3 weeks after
delivery of saline or the saporin-conjugated neurotoxins.

*p < 0.05 ( post hoc test after one-way ANOVA) versus saline REM sleep.

diate and not significant from saline (Fig. 3). Thus, the triple
lesion had an additive effect on wake and non-REM sleep during
the first four hours of the light-off period.

During the light cycle, the levels of wake or non-REM sleep in
the two lesioned groups were not different from saline rats (Fig.

1 No lesion (n=6)
BF+LC lesion (n=7)

rats had extensive lesions of the ADA-TMN 90 | _a BF+TMN+LC Lesion (n=6) 100 1 g BF+TMN+LC lesion (n=6)
(75.2%) and DBH-LC (96.4%) but partial 80  *Q L * R 2
loss of the ChAT-BF neurons (36.6%). Be- | N 80 T
cause of the small number of rats in this Ll B
group (TMN+LC lesion), these four rats o %07 I 60 -
were not compared against the saline rats, =< | 5
S © 50
but the sleep data from the individual rats =2 40| .
were used to determine the correlations be- 40 1 & _
tween neuronal loss and sleep changes. 30 - i Y I
o ¥ 20
Effects on sleep—wake 20 |
Over the 24 h period (Table 2), the double 10 L’ L C — L’ CC ; 0 [ ||
(BF+LC)- and triple (BF+TMN+LC)- 7PM 7AM 7PM 7AM 80 -
lesioned rats had no significant change in 80
the amount of wake or non-REM sleep, but
REM sleep was significantly reduced (dou- a0 |

ble, —18.6%; triple, —25.8%; post hoc test,
p < 0.05) compared with saline rats (one-
way ANOVA; F, 16 = 5.18; p < 0.013).
During the 12 h light cycle, when nocturnal
rodents are primarily asleep, REM sleep
was significantly reduced in both the dou-
ble (—32.2%; p < 0.03)- and triple
(—44.4%; p < 0.02)-lesioned rats, com-

40

20

nonREM Sleep

pared with saline rats (F, 5y = 5.84; p < 0
0.012), but wake or non-REM sleep were
not changed (Fig. 3). During the 12 h light-
off period when the rats are primarily
awake, there were no significant changes in

20 4

. . 156 -
sleep—wake states in the lesioned rats.
We partitioned the data in 4 h blocks
(Fig. 3) to determine whether there were 10 -

changes in sleep—wake during the light—
dark transition periods because in previous
studies (Blanco-Centurion et al., 2004; 5 |
Gerashchenko et al., 2004) in which the LC
and TMN were lesioned changes in sleep

REM Sleep

L8

4
CCC

were noted only during these periods. Dur- 0
ing the first 4 h of the light-off period (Fig.
3) when the rats normally wake up, the
triple-lesioned rats had twice the amount
of non-REM sleep (triple, +106.6%) ( p <
0.02; post hoc test) and were significantly
less awake (—22.9%) (p < 0.01; post hoc
test) compared with saline. The rats with
the double lesion (BF+LC) were interme-

Figure 3.

7AM 7PM 7AM

Time (Hours) Night Day

Percentage (==SEM) of wake, non-REM, and REM sleep in lesioned and nonlesioned rats. The line graphs summarize the
average in 4 h blocks over the 24 h period with the data double-plotted to illustrate the diurnal thythm of the sleep—wake cycle. The
crescentmoon symbols represent the 12 hdark cycle. The bar graphs on the right summarize the data during the 12 h day and night cycles.
*p << 0.01 versus triple-lesioned rats ( post hoc significance after one-way ANOVA); **p << 0.05 versus double- and triple-lesioned rats
( post hoc after one-way ANOVA); ¥ p < 0.05 versus double lesion ( post hoc after one-way ANOVA).
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Figure4. Thenumberand length of bouts of wake, non-REM, and REM, sleep in saline versus
lesioned rats. Each bout of wake, non-REM, and REM sleep was placed into a bin corresponding
to a specific length (in minutes) of the bout, and the figure represents the average (==SEM)
number of bouts of a specific length for the lesion and saline groups. *p << 0.02 saline versus
double and triple; **p << 0.002 saline versus double- and triple-lesioned rats; *p < 0.05 saline
versus triple-lesioned rats. Significance represents post hoc test after one-way ANOVA.

3). During the first 4 h of the light cycle, REM sleep was signifi-
cantly less in both the double ( p < 0.04; post hoc test)- and triple
(p < 0.001; post hoc test)-lesioned rats (Fig. 3) compared with
saline (one-way ANOVA; F, ) = 8.86; p < 0.003). During this
time period, the triple-lesioned rats also had significantly less
REM sleep compared with the double-lesioned rats ( p < 0.05;
post hoc test), indicating an additive effect of the lesion. In the
middle third of the light cycle, REM sleep levels were lower in the
lesioned rats but not statistically significant. In the last third of the
light cycle, REM sleep was significantly less in the double (p <
0.04)- and triple ( p < 0.05)-lesioned rats compared with saline
(Fapne) = 4.05; p < 0.04).

To identify whether the lesions changed the architecture of
sleep, the number and length of bouts of wake, non-REM and
REM sleep were analyzed (Fig. 4). Normally, rats have many brief
(<1 min) bouts of wake, non-REM and REM sleep, but in the
lesioned rats these decreased significantly during both the day
and night periods (Fig. 4). The lesioned rats had fewer numbers
of non-REM sleep bouts that were 1-3 min long (Fig. 4), but the
number of non-REM sleep bouts that were 5-10 min long in-
creased significantly (p < 0.02) during both the day (F, ¢ =
7.01; p < 0.007) and night (F.,,s = 21.17; p < 0.001). The
triple-lesioned rats had a decrease in number of REM sleep bouts
that were 2—4 min long during the day, but an increase in the
length of these bouts at night. Overall, during the 12 h day period,
the lesioned rats had significantly fewer numbers of bouts of wake
(Fa.16) = 46.10; p < 0.001), non-REM (F_, ) = 47.6; p < 0.001)
and REM sleep (F, ) = 20.36; p < 0.001) (Table 3) but signifi-
cantly longer bouts of wake (F, 5, = 7.91; p < 0.004) and non-
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REM sleep (F(, 15, = 15.01; p < 0.001) (Table 3). Thus, the le-
sioned rats had fewer but longer bouts of wake and non-REM
sleep, which produced no net change in these states during the
light cycle. However, the number of REM sleep bouts decreased
sharply, and because there was no change in the length of the
remaining REM sleep bouts there was an overall decrease in this
sleep state during the day cycle.

At night, the lesioned rats had significantly longer bouts of
non-REM (F, 15, = 39.0; p < 0.001) and REM sleep (F, ¢ =
12.7; p < 0.001) (Table 3). However, because there was a sharp
decrease in the number of short bouts of these sleep states, the
overall nighttime levels of sleep were unchanged in the lesioned
rats. The number and length of bouts were significantly corre-
lated with the number of ChAT-, ADA-, and DBH-
immunoreactive neurons (Table 3). During the day, the number
of bouts of wake, non-REM and REM sleep increased in relation-
ship with the number of cholinergic BF, histamine, and LC neu-
rons (correlations cited in Table 3). However, as the number of
these neurons increased, the length of wake and non-REM sleep
decreased (correlations cited in Table 3). At night, the length of
non-REM and REM sleep bouts were inversely correlated with
the number of the arousal neurons.

Because of the changes in the number and length of bouts the
lesioned rats had significantly fewer transitions between the
sleep—wake states indicating a less fragmented, more stable sleep—
wake architecture during the day, the rat’s normal sleep period
(Fi216) = 28.45 p < 0.001). Indeed, during the day, there was a
direct relationship between the number of cholinergic BF, hista-
mine, and LC neurons and number of transitions (correlations
cited in Table 3).

The lesioned rats did not display narcoleptic behavior such as
cataplexy or sleep onset REM sleep behavior. The behavior of these
rats was not videotaped but a sudden drop in muscle tone signifying
cataplexy would have been detected in the EEG/EMG recordings
(supplemental Fig. 5, available at www.jneurosci.org as supplemen-
tal material). In our previous studies (Gerashchenko et al., 2001a,
2003; Zhang et al., 2007), such episodes were easily identified.

Discussion
The primary hypothesis that the cholinergic BF, histamine TMN,
and noradrenergic LC neurons represent key links in the circuit
regulating arousal was not supported because rats with lesions of
all three of these neuronal phenotypes had normal levels of wake.
We expected an additive effect on wake as a result of the com-
bined lesion of three arousal populations, but to our surprise the
overall daily levels of wake were not significantly different com-
pared with saline rats. The three arousal populations lesioned in
this study have been central to theories of sleep—wake generation
for a number of years (Lin et al., 1988; Szymusiak, 1995; Jones,
2005). When HCRT was linked to narcolepsy and given that
HCRT neurons project heavily to these major arousal neurons, it
raised the possibility that daily levels of sleep—wake are regulated
by the action of HCRT onto downstream arousal neurons (Saper
et al., 2005). This is the first study in which three of the down-
stream targets of the HCRT neurons have all been lesioned simul-
taneously, thereby directly testing their contribution to arousal.
Lesions were made using saporin-based neurotoxins that se-
lectively kill specific neurotransmitter-containing neurons. 192-
IgG-SAP, which binds to the p75 NGF receptor present on the BF
cholinergic neurons, was used to lesion these neurons. The neu-
rotoxin kills these neurons, resulting in 80-90% selective ChAT
denervation of rat neocortex and hippocampus (Heckers et al.,
1994). In the ventral pallidum and sublenticular substantia in-
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Table 3. Average (= SEM) number and length (in minutes) of bouts of wake, non-REM and REM sleep, and transitions between the sleep—wake states during the 12 h day

and night periods
Number of bouts Length of bouts
Correlation: number of Correlation: number of
neurons vs number of neurons vs length of
Group No lesion BF+LC BF+TMN-+LC  bouts No lesion BF+LC BF-+TMN-+LC  bouts
Day
Wake 1423 (5.9) 90.3 (4.3)% 82.5 (3.7)* 0.910%** 1.6(0.2) 2.5(0.2)** 2.9(0.3)% —0.635"
Non-REM 141.6 (5.9) 94.8 (2.7)* 84.2 (43)* 0.905%** 2.8(0.1) 4.4 (0.4)* 49(0.2)* —0.779*
REM sleep 71.8 (4.5) 45.1 (4.6)* 37.0 (4.9)* 0.814*** 1.5(0.05) 1.7(0.1) 1.7(0.2) —0.366
Transitions 361.7 (14.6) 230.1(8.9)* 203.7 (8.0)* 0.918***
Night
Wake 62.9 (9.0) 439(6.2) 40.6 (6.7) 0.495 10.4(1.9) 13.8(23) 16.6 (5.6) —0.297
Non-REM 62.2(8.9) 45.7 (6.3) 43.8(73) 0.424 2.1(0.1) 35(0.2)* 43(03)%° —0.835%**
REM sleep 30.7 (3.7) 24.1(4.4) 22,6 (3.9) 0.334 0.9(0.1) 1.7 (0.1)* 1.9(0.2)* —0.756***
Transitions 155.8(21.3) 113.8 (16.5) 107.1(17.3) 0.444

The correlation coefficient represents the relationship between individual sleep—wake states and the number of neurons that are cholinergic (in BF), adenosine deaminase-IR (marker of histamine neurons in the TMN), and dopamine 3-
hydroxylase-IR (marker of noradrenaline neurons in the LC). Correlations were derived from data from all rats (n = 23) in Table 1, and not from group data.

*p < 0.01 versus nonlesioned; **p << 0.05 versus nonlesioned; ***p << 0.0001, Pearson product-moment correlation; p < 0.01, Pearson product-moment correlation; °p << 0.05 versus BF+LC. A one-way ANOVA was used to test the

means of the three groups for each state followed by post hoc tests.

nominata (caudal portions of Ch4), some of the cholinergic neu-
rons [7.1% by one estimate (Woolf et al., 1989)] do not contain
the p75 NGF receptor and are spared by the toxin (Heckers et al.,
1994). These ChAT+/p75— neurons project to the amygdala
(Hecker and Mesulam, 1994) and are unlikely to regulate waking,
because in humans, adenosine, a potential regulator of sleep ho-
meostasis, does not increase in the amygdala with 40 h waking
(Zeitzer et al., 2006). The LC neurons were lesioned with anti-
DBH-SAP, which targets the norepinephrine-synthesizing en-
zyme, dopamine 3-hydroxylase, but does not lesion other adja-
cent neuronal phenotypes (Blanco-Centurion et al., 2004). The
TMN neurons were lesioned with HCRT2-SAP, which kills
HCRT receptor-bearing neurons (Gerashchenko et al., 2001a,
2004). The HCRT2-SAP kills the histamine TMN neurons and
other nonhistamine neurons that possess the HCRT receptor
within the injection area. In the triple-lesion group, the saporin-
conjugated toxins destroyed 89% of the BF cholinergic neurons,
75% of the histaminergic TMN neurons, and 93% of the norad-
renergic neurons in the LC.

In previous studies, individual lesions of the BF cholinergic
neurons (Blanco-Centurion et al., 2006a), the noradrenergic LC
(Blanco-Centurion et al., 2004), or the histaminergic TMN neu-
rons (Gerashchenko et al., 2004) were made. Deletion of the BF
cholinergic neurons (—95%) produced a diminution in theta
activity during REM sleep (Gerashchenko et al., 2001b), but did
not change the daily levels of wake, non-REM sleep, or REM
sleep, nor did they change the homeostatic response to sleep loss
(Blanco-Centurion et al., 2006a). The histamine neurons, which
are located exclusively in the TMN, project heavily to the sleep-
active preoptic neurons (Sherin et al., 1996), but their lesion
(—82%) also did not change the daily levels of sleep (Gerash-
chenko et al., 2004). The lesion data are supported by data in
knock-out mice. For instance, mice deficient in histamine (histi-
dine decarboxylase-null mice) display sleep abnormalities only
during the light—dark transition period (Parmentier et al., 2002).
The daily amount of sleep—wake is not changed in DBH-null
mice (Hunsley and Palmiter, 2003) or in rats with lesions of the
LC with DBH-SAP (Blanco-Centurion et al., 2004).

The lack of a more robust overall effect on sleep after individ-
ual lesions of the BF, TMN, and LC, or of the pons might be
attributable to compensation from nonlesioned arousal neurons
that might stabilize the sleep-wake network. Therefore, for the
first time, all three were lesioned yet the daily levels of wake did

not decrease. These findings do not support current models
(Saper et al., 2005) that waking is driven by the action of HCRT
on these downstream targets.

Significant changes in the level of sleep—wake were noted only
during the light-to-dark transition period with the triple-
lesioned rats being asleep when they should be awake. The selec-
tive changes in sleep during the light—dark transition period sug-
gest that the lesioned neurons modulate waking levels only at
certain circadian times. We suggest that, in these nocturnal ro-
dents, the cholinergic BF, histamine, and LC neurons combine to
wake up the animal when the lights turn off. During this time
period, the HCRT levels are low and the HCRT influence has
waned (Fujiki et al., 2001; Yoshida et al., 2001; Desarnaud et al.,
2004), but the rats have to wake up. We suggest that, during this
time period, the combined action of the cholinergic BF, hista-
mine, and LC neurons offsets the faded HCRT signal, and arouses
the animal. This is in contrast to the existing model (Saper et al.,
2005), which suggests that HCRT stimulates the downstream
arousal neurons. Similarly, at the end of the wake—active period
(night cycle), when the HCRT signal is at its peak (Fujiki et al.,
2001; Yoshida et al., 2001; Desarnaud et al., 2004), the animals
have to fall asleep, and at this time the cholinergic BF, histamine,
and LC neurons withdraw their waking influence, thereby bal-
ancing the strong HCRT signal.

These results suggest that the relationship between HCRT and
the three downstream arousal neurons is not one way, with the
HCRT neurons driving the monoaminergic neurons, as pro-
posed (Saper et al., 2005). Instead, we suggest that the mono-
amines and HCRT balance each other to modulate waking; when
one is low the other is high and vice versa. If this is the case, then
the double- and triple-lesioned rats would be expected to have
increased HCRT drive. We believe this to be the case because in
the lesioned rats there is a significant decrease in REM sleep over
the 24 h and during the day cycle. It is unlikely that the daytime
reduction in REM sleep in the lesioned rats is attributable to loss
of the TMN, because when only the TMN is lesioned (Gerash-
chenko et al., 2004) there is no reduction in REM sleep. Similarly,
mice deficient in histamine (histidine decarboxylase-null mice)
do not have a day cycle reduction in REM sleep (Parmentier et al.,
2002).

The second finding of this study is that the loss of the three
arousal neurons did not produce a more fragmented sleep—wake
pattern as would be expected in the current model (Saper et al.,



Blanco-Centurion et al. @ Saporin-Induced Lesions of Three Arousal Populations

2005). Deletions of both HCRT and DBH in mice (combined
knock-out) also does not lead to more fragmented sleep versus
single gene deletions (Hunsley et al., 2006). In the present study,
the lesioned rats had fewer short (<1 min) bouts of wake, non-
REM and REM sleep, and more long bouts (5-10 min long) of
non-REM sleep. This resulted in fewer transitions between the
three states. The lengthening of non-REM sleep bouts may be
attributable to the loss of the inhibition of the sleep-active preop-
tic neurons.

Could the remaining unlesioned BF, TMN, and LC neurons
provide near-normal function? Lesions rarely destroy all of the
neurons, but a behavioral abnormality should be evident when
large portions of key neuronal populations are destroyed. This is
the case in neurodegenerative diseases including narcolepsy in
which all of the underlying HCRT neurons need not be destroyed
for a sleep abnormality to be clearly evident (Thannickal et al.,
2000; Gerashchenko et al., 2001). The evidence against the BF,
TMN, and LC as conduits of a HCRT-wake-promoting effect also
comes from knock-out mice (Parmentier et al., 2002; Hunsley
and Palmiter, 2003), including double knock-outs (Hunsley et
al., 2006). In the present study, the saporin toxins killed specific
neurons. The 192-IgG-SAP and DBH-SAP killed the BF cholin-
ergic and LC noradrenergic neurons, respectively. The HCRT2-
SAP kills neurons containing the HCRT receptor, and in the
TMN in which there is a very dense collection of neurons con-
taining the HCRT receptor 2 (Marcus et al., 2001), the histamine
neurons, as well as other neurons that possess the receptor, were
killed. Thus, the neurons in three arousal regions that receive
HCRT input were killed, and yet daily levels of wake remained
unchanged.

Without the cholinergic BF, TMN, and LC neurons, what
circuit(s) might maintain the daily levels of wake in the triple-
lesioned rats? We suggest that HCRT neurons, which were mostly
spared in this study, might exert their wake-promoting actions
on the remaining arousal neurons residing in the ascending re-
ticular activating system (Peyron et al., 1998) including the sero-
toninergic raphe neurons (Brown et al., 2001; Matsuzaki et al.,
2002) and the noncholinergic neurons of the BF. The latter pos-
sibility is suggested by the finding that, in rats with lesions of the
cholinergic BF neurons, HCRT-1 has a potent arousing effect
(Blanco-Centurion et al., 2006b). Additionally, other neurons in
the pons such as neuropeptide S (Xu et al., 2004), dopamine (Lu
et al,, 2006), glutamatergic and the pontine cholinergic neurons
(Jones, 2005) might network with HCRT. The serotonin neurons
could be lesioned with 5-7-dihydroxytryptamine, and the pon-
tine cholinergic neurons could be targeted with a neurotoxin that
binds to the urotensin 2 receptors that are only on the cholinergic
neurons (Clark et al., 2007). Alternatively, multiple genes could
be deleted in mice and the additive effects of such deletions on
sleep could be investigated. We suggest that such multiple lesions
are the most direct method of determining which brain chemicals
regulate sleep—wake states. It is necessary to isolate key regions
regulating sleep—wake states, because then one can target these
structures with methodologies to reverse the defect.

These results are clinically relevant because it shows that a
massive loss of neurons encompassing three arousal populations
innervating the entire brain does not cause coma or loss of con-
sciousness. The cholinergic neurons of the BF represent the
rostral-most extension of the ascending reticular activating sys-
tem, innervating the entire cortex and hippocampus. The TMN
contains the only group of histamine neurons in the brain, and
the LC is one of the principal sources of norepinephrine in the
brain. Neurons in all three neuronal populations are active only
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at a time when the cortex is electrophysiologically awake, which
led to the hypothesis that these neurons are critically involved in
maintaining wake. However, here we have demonstrated that
their loss does not change overall levels of wakefulness.
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