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Study Objectives: Extensive evidence suggests that histaminergic neu-
rons promote wakefulness. Histaminergic neurons are found exclusively
in the tuberomammillary nucleus (TMN), and electrolytic lesions of the
posterior hypothalamus, where the TMN resides, produce intense hyper-
somnolence. However, electrolytic lesions disrupt fibers of passage, and
the effects of fiber-sparing, cell-specific TMN lesions on sleep and wake-
fulness are unknown. Hence, we placed cell-specific lesions in the TMN
to determine its role in spontaneous wakefulness.

Design: TMN neurons in rats are relatively resistant to excitotoxins.
Hence, we ablated them using saporin conjugated to hypocretin 2, which
ablates hypocretin receptor-bearing neurons such as TMN neurons. One
to 2 weeks after bilateral injections of Hcrt2-SAP into Sprague-Dawley
rats, we correlated loss of TMN neurons with changes in sleep.

Setting: N/A

Participants: N/A

Interventions: N/A

Measurements and Results: Four days after injections with hypocretin-
2-saporin, the number of TMN neurons was markedly decreased, and

most were lost after 12 days, as determined by immunohistochemistry for
adenosine deaminase, a marker of TMN neurons. Nearby nonhistaminer-
gic neurons were similarly ablated. Rats with an average 82.5% loss of
TMN cells (determined 2 weeks after injection) did not have marked
changes in total sleep amounts compared to saline-treated rats 1 or 2
weeks following the injection, except for a slight decrease in rapid eye
movement sleep during the lights-on period for the first week only. The
percentage of remaining TMN neurons positively correlated with the aver-
age duration of wake bouts during the lights-off period.

Conclusion: The absence of gross changes in sleep after extensive loss
of histaminergic neurons suggests that this system is not critical for spon-
taneous wakefulness.
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INTRODUCTION

HISTAMINE NEURONS IN THE BRAIN ARE LOCATED
EXCLUSIVELY IN THE TUBEROMAMMILLARY NUCLE-
US (TMN) OF THE POSTERIOR HYPOTHALAMUS, FROM
WHICH THEY PROJECT WIDELY WITHIN THE CENTRAL
NERVOUS SYSTEM.!- Extensive evidence indicates that his-
tamine has a potent arousing function. Injection of histamine
either intracerebroventricularly or directly into various brain sites
increases wakefulness.23 Posterior hypothalamic neurons in and
near the TMN are most active during waking and relatively silent
during sleep.*5 Consistent with this pattern of activity, histamine
levels are higher in the brain during wakefulness than during
non-rapid eye movement (REM) or REM sleep.®

Although administration of histamine promotes wakefulness, it
is not clear whether TMN neurons are necessary for wakefulness.
Early lesion studies found dramatic long-lasting hypersomno-
lence after lesions of the posterior hypothalamus, where the
TMN neurons reside.’® However, the lesions in these studies
probably damaged fibers of passage, as well as hypothalamic
areas outside the TMN. To avoid damaging fibers of passage, a
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more recent lesion study used ibotenic acid to ablate posterior
hypothalamic neurons; these cytotoxic lesions produced little
change in spontaneous sleep.!® However, this study did not veri-
fy whether histochemically identified histaminergic neurons
were lost, a critical issue because TMN neurons in rats are rela-
tively resistant to ablation by conventional excitotoxins.!! Most
recently, sleep was monitored in mice with low levels of his-
tamine as a result of deletion of the histidine decarboxylase
(HDC) gene.!? These mice have a deficit of wakefulness at the
beginning of lights-off periods and markedly decreased sleep
latencies after novel behavioral stimuli, but they do not have any
gross changes in overall levels of spontaneous sleep and wake-
fulness.!? Histamine H,-receptor knockout mice also do not have
significant changes in the amounts of spontaneous sleep and
wakefulness.!* These genetic studies suggest that although the
histaminergic system may modulate wakefulness, it may not be
critically required for its homeostatic regulation. However, TMN
neurons contain a number of other neurotransmitters besides his-
tamine, such as y-aminobutyric acid and galanin,!’ that were not
genetically deleted and that might have compensated for the loss
of histamine signaling in addition to the developmental compen-
sations commonly seen in knockout animals. Hence, in the pre-
sent study, we lesioned TMN neurons using a novel saporin-
based neurotoxin that binds to the hypocretin receptors that are
abundantly expressed on TMN neurons.!¢ In lesioned rats, we
correlated the loss of histaminergic neurons with sleep-wake
measurements, to investigate the role of these neurons in regulat-
ing spontaneous sleep and wakefulness.
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MATERIALS AND METHODS
Animals

The studies were conducted in accordance with the principles
and procedures described in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, as well as
protocols approved by the Harvard Medical School and Beth
Israel Deaconess Medical Center Animal Care and Use commit-
tees. Twenty-three male Sprague-Dawley rats (300-400 g) were
housed in separate cages in a room with a 12-hour dark/12-hour
light cycle, with lights on at 7:00 AM. The temperature in the
room was maintained at 21°C to 23°C. Food and water were pro-
vided ad libitum.

Experiment 1: Time course of the Effects of Hypocretin-2-Saporin
on Adenosine Deaminase-Immunoreactive Neurons

Each rat was anesthetized with chloral hydrate (250 mg/kg,
intraperitoneal [IP]) and placed in a stereotaxic frame. To deter-
mine the time course of TMN cell loss, we used the toxin
hypocretin-2—saporin (Hert2-SAP) (50 ng in 0.25 pL of saline; n
= 11), made by conjugating the ribosomal toxin saporin to
hypocretin-2 (also termed orexin-B). This toxin has previously
been shown using fluorescence-activated cell-sorting analysis to
bind strongly to cells expressing hypocretin receptors but not to
the cells lacking them.!” The Hert2-SAP was injected unilateral-
ly into the posterior hypothalamus at the following coordinates:
AP = -42 mm, ML = 0.7 mm, and DV = 9.3 mm below the
dura.!® Saline solution (0.25 pL) was injected contralaterally at
the same coordinates. The rats were killed 1 to 3 (n =5), 4 (n =
3), or 12 (n = 3) days later, and their brains were processed for
adenosine deaminase (ADA) and neuron-specific nuclear protein
(NeuN) immunostaining.

Experiment 2: Effects of Bilateral Injection of Hcrt2-SAP on Sleep
and Wakefulness

To study the effects of TMN lesions on amounts of sleep and
wakefulness, Hert2-SAP (n = 5) or saline (n = 7) were injected
under anesthesia (250 mg/kg chloral hydrate, IP) bilaterally into
the posterior hypothalamus in rats that were then implanted with
electrodes to record the electroencephalogram (EEG) and elec-
tromyogram (EMG). The EEG signals were recorded from 4
miniature stainless-steel screw electrodes (Plastics One,
Roanoke, Virg) positioned in the skull to sit on the surface of the
cortex. Two of these screws were inserted 2 mm on either side of
the midline and 3 mm anterior to bregma (frontal cortex). The
other 2 screws were located 2 mm on either side of the midline
and 6 mm behind bregma (occipital cortex). The cortical EEG
was recorded from 2 screws contralateral to each other (frontal-
occipital). To record muscle activity (EMQG), 2 flexible multi-
stranded wires were inserted in the nuchal muscles. The elec-
trodes were placed in a plastic plug and secured onto the skull
using dental cement. The EEG and EMG recordings started 2
days after the surgery and continued for more than 14 days. These
rats were killed within 1 month after the surgery.

Antibodies

Rabbit anti-ADA polyclonal (1:10,000, Cat. No. AB1815;
Chemicon, Temecula, Calif) and mouse anti-NeuN monoclonal
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(1:1000, Cat. No. MAB377; Chemicon) primary antibodies were
used. The following secondary antibodies were used: biotin-con-
jugated donkey anti-rabbit IgG (1:500, Cat. No. AP182B;
Chemicon) and biotin-conjugated donkey anti-mouse IgG
(1:500, Cat. No. AP192B; Chemicon).

Immunohistochemistry

Animals were deeply anesthetized with pentobarbital (150
mg/kg, IP) or chloral hydrate (750mg/kg, IP) and perfused tran-
scardially with 0.9% saline (50 mL) followed by 500 mL of phos-
phate-buffered 4% paraformaldehyde, pH 7.0 (Formalin solution,
Cat. No. HT50-1-128; Sigma, St Louis, MO). The brains were
postfixed overnight, equilibrated in 20% to 30% sucrose, and
stored at 4°C. Five series of brain sections were cut at 40 wm on
a freezing microtome, and 1 series was processed for visualiza-
tion of ADA. Sections were incubated overnight at room temper-
ature in rabbit anti-ADA polyclonal antibody diluted 1:10,000 in
phosphate-buffered saline (PBS) with 0.25% sodium azide. After
incubation, sections were rinsed in PBS and transferred into sec-
ondary antibody for 1 hour (donkey anti-rabbit IgG, 1:1000 in
PBS). After washing, the sections were incubated with an avidin-
biotin complex (Vector Laboratories, Burlingame, Calif) for 1
hour, washed again, and reacted in a 1% solution of 3,3’-
diaminobenzidine with 0.01% hydrogen peroxide, as well as
0.05% nickel ammonium sulfate to produce a gray-black stain.
Some sections were subsequently stained for NeuN. During the
following night, these sections were incubated with mouse anti-
NeuN monoclonal antibody at room temperature, washed in PBS,
and placed in the solution of the secondary antibody for 1 hour
(donkey anti-mouse IgG). Then, the sections were washed in
PBS, incubated with biotin-conjugated alkaline phosphatase for 1
hour (Vectastain ABC-AP Kit, Cat. No. AK-5000; Vector
Laboratories), washed again, and reacted in a working solution of
Vector Red substrate (Vector® Red Alkaline Phosphatase
Substrate Kit I, Cat. No. SK-5100; Vector Laboratories) to pro-
duce a red reaction product. Sections were mounted onto gelatin
subbed slides, dried, dehydrated in 100% ethanol, and delipidat-
ed in xylenes. Slides were Nissl counterstained and coverslipped
using Cytoseal™XYL mounting medium (Richard-Allan
Scientific, Kalamazoo, Mich).

To better visualize ADA-immunoreactive fibers, ADA staining
was enhanced in some brain sections using a silver intensification
method described previously.!®

Analysis of Sleep-Wake States

The EEG and EMG signals were amplified and band-pass fil-
tered (0.3-70 Hz for EEG, 10-70 Hz for EMG) using a Grass
polygraph (Astro-Med Inc., West Warwick, RI), and then sam-
pled and digitized at 128 Hz using an analog-digital converter
(National Instruments, Austin, Tex). Twenty-four hour EEG and
EMG recordings obtained on the sixth and 14th day after injection
were scored manually on a computer (Icelus software, Mark Opp,
Ann Arbor, Mich) in 12-second epochs for wakefulness, REM
sleep, and non-REM sleep. Wakefulness was identified by the
presence of a desynchronized EEG and high EMG activity. Non-
REM sleep consisted of high-amplitude slow waves together
with a low EMG tone relative to waking. REM sleep was identi-
fied by a desynchronized EEG and/or theta activity coupled with
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a near-absence of EMG activity. The amount of time spent in  (Figure 1). Nissl and NeuN stains in these cases also showed very
wakefulness, non-REM, and REM sleep was determined for each few neuronal profiles remaining in and around the injection site,
hour. Mean bout durations for wakefulness, NREM, and REM confirming that TMN neurons were indeed ablated and not mere-
sleep were determined by dividing the total time spent in each ly failing to produce ADA protein. Neurons just outside the TMN

state by the number of episodes of that state. were also gone, possibly because these neurons also express
hypocretin receptors?!; hence, Hert2-SAP does not exhibit speci-
Cell counts ficity for the TMN neurons, relative to other nearby cell groups.

The loss of ADA-immunoreactive neurons was time dependent
(Figure 2): rats killed on day 1, 2, or 3 after injection had little
loss of ADA-immunoreactive neurons, while there was a signifi-

TMN cell loss was determined by counting the number of
ADA-immunoreactive neurons throughout the entire normal

hyﬁoth alamic rlange .Of these peurfons. IE plam(iule;r,hwed counted cant decrease (63%) in the number of ADA-immunoreactive neu-
? ls }:n co;o?a §ect101;s ranglnhg rorr:1 tle deve t(") }: eh ors;)lrrie— rons by day 4 after the injection (paired ¢ test with contralateral
1al hypothalamic nucleus to the caudal edge of the hypothala- side, t = -2.82; df = 4; P < .05). By 12 days, there was an 89.5%

mus, thereby counting both the dorsal and ventral subgroups of loss of ADA-immunoreactive neurons (paired ¢ test, ¢ = -13.74; df

TMN neurons.
Statistical Analysis 100
Analysis of variance and ¢ tests with Bonferroni correction o
(where appropriate) were used to compare changes in sleep c 80
parameters (SYSTAT, Version 8.0, SPSS Inc., Chicago, IIl, c
1998). The same statistical methods were also used to compare ©
. . o = *
counts of ADA-immunoreactive cells. Statistical significance o 60
was evaluated at the P < .05 level. =
172]
RESULTS Q 40
[T
Hcrt2-SAP Lesions (@] *
: : L . X 20
Eleven rats received unilateral injections of Hert2-SAP into the e
TMN, to determine the time course of TMN cell loss, while 5 rats
received bilateral injections of Hcrt2-SAP, to determine the 0
effects of cell loss on sleep-wake behaviors. In normal rats, near- 1-3 4 12
ly all TMN neurons are immunoreactive for ADA,20 and hence L .
we used ADA-immunoreactivity to identify histaminergic neu- day post-injection
rons.
Figure 2—Time course of the effects of hypocretin-2—saporin on
. . . i ti in th terior hypothal . A unilateral
Time Course of the Effects of Hcrt2-SAP on ADA-immunoreactive mmuiloreac Ve NEUions I T Posterion Aypatia amus. 7 unatera
injection of hypocretin-2 saporin was made to the posterior hypothala-
Neurons mus, and rats were killed 1 to 3, 4, or 12 days later. The contralateral
Twelve days after Hert2-SAP injections, most rats showed side injected with saline served as a control. There was a time-depen-
" d Y d b £ ADA ’, TMN dent loss of adenosine deaminase-immunoreactive neurons in the
greatly reduced numbers 0 -expressing neurons injected tuberomammillary nucleus. *P < .05.

.
250 um

. e
. e il
Figure 1—Effects of hypocretin-2—saporin injection into the posterior hypothalamus on adenosine deaminase and neuron-specific nuclear protein
immunoreactive neurons. Panel A represents a section through the tuberomammillary nucleus of a rat injected with saline; panel B represents a sim-
ilar section from a rat treated with hypocretin-2—saporin. Most of the neurons containing adenosine deaminase (black staining) as well as most con-
taining neuron-specific nuclear protein-immunoreactive neurons (red staining) were destroyed by hypocretin-2—saporin. 3v refers to the third ven-
tricle; opt, optic tract.
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=4; P <.001). Results of the present study as well as our previ-
ous report!7 indicate that Hert2-SAP destroys most ADA-positive
neurons within 12 days after being injected.

Effects of Bilateral Injection of Hcrt2-SAP on Sleep and
Wakefulness

Immunostaining for ADA performed at the end of experiment
demonstrated that bilateral injections of Hert2-SAP produced an
average loss of 82.5% =+ 4.1% (n = 5%, range 72%-93% loss) of
ADA-immunoreactive neurons 2 weeks after the injection, com-

pared to rats injected with saline (n = 7). ADA-immunoreactive
neurons were almost equally lesioned in all histaminergic subnu-
clei (Figure 3). The lesions did not extend far beyond the distri-
bution of histaminergic neurons in the posterior hypothalamus. In
2 rats (rats 220 and 227), the lesions extended rostrally to a level
where a few hypocretin-containing neurons are located. The den-
sity of ADA-immunoreactive fibers and varicosities in the
hypothalamus was also markedly reduced (data not shown).
Sleep data were obtained 1 and 2 weeks after the injections were
made. Both Hert2-SAP and saline-injected rats demonstrated a

-3.8 mm

e

Saline
control

Rat 220

with saline is shown at the top.

-4.3 mm

Figure 3—Schematic drawings demonstrating extent of the lesion areas (gray) as well as distribution of adenosine deaminase-immunoreactive neu-
rons (black dots) in the rats treated with hypocretin-2—saporin. The sections are shown at 3 levels: 3.8 mm, 4.3 mm, and 4.8 mm posterior to breg-
ma.!® Lesion brain areas were identified using Nissl stain. Distribution of adenosine deaminase-immunoreactive neurons in a control rat injected

-4.8 mm
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clear diurnal distribution of sleep amounts, exhibiting more sleep
during the lights-on period than during the lights-off period
(Figure 4). The only significant difference between the groups
was a decreased amount of REM sleep during the lights-on peri-
od in Hert2-SAP-treated rats 1 week following the injection
(25.0% = 7.2% decrease, P =0.04). There were no significant dif-
ferences in NREM or REM sleep amounts 2 weeks after injection
between the saline- and Hert2-SAP-treated rats.

The Hert2-SAP-treated rats also did not have changes in wake-
bout durations compared to saline-treated rats (1 week after
surgery, Hert2-SAP = 7.9 & 1.0 min, saline = 10.8 = 1.9 min, i =
-1.14, P = 28; 2 weeks after surgery Hert2-SAP = 9.9 + 1.0 min;
saline = 10.1 £ 2.1 min, ¢ =-0.07, P = .9). However, there was a
significant positive correlation between the percentage of
remaining ADA-positive neurons and the duration of wake bouts
during the lights-off period in Hcrt2-SAP-lesioned rats (r =
0.891, P < .05, n=15) (Figure 5). The correlation was not signif-
icant when the control group was included in the analysis.

Although the percentage of remaining ADA neurons ranged
from 7% to 28% in Hcrt2-SAP-treated rats, we found little dif-
ference in total sleep amounts between rats in this group.
Moreover, the daytime and nighttime levels of sleep in 2 rats with
a greater than 90% loss of ADA-immunoreactive neurons were
similar to sleep levels in control rats.

DISCUSSION

TMN neurons have been difficult to destroy using convention-
al excitotoxins, which typically ablate less than 40% of TMN
neurons even at high doses.!! In the present study, we used the
neurotoxin Hert2-SAP to lesion up to 82.5% of TMN histamine

neurons. TMN neurons represent a very good target for Hert2-
SAP because hypocretin-2 receptors are strongly expressed in the
TMN.1¢ The same lesions, however, also ablate most of the neu-
rons in adjacent cell groups in the posterior hypothalamus.
Because injections of saporin alone, without a binding ligand, are
not effective in killing neurons,?? we hypothesize that orexin
receptors may be widespread in this region.

Rats with an average loss of 82.5% of histaminergic neurons
showed no significant reductions in the total amount of wakeful-
ness 2 weeks following injections of Hcrt2-SAP (Figure 2).
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Figure 5—Positive correlation between the percentage of remaining
adenosine deaminase-positive neurons and the duration of wake bouts
during the lights-off period in rats lesioned with hypocretin-2—saporin.
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Figure 4—Mean (= SEM) percentage of non-rapid eye movement and rapid eye movement sleep during 24 hours in rats administered hypocretin-
2-saporin (closed triangles) or saline (open circles) in the posterior hypothalamus (A and B). The 24 hours are represented in 2-hour blocks. The
dark bar represents the 12-hour lights-off period. C and D show average amounts of sleep calculated during 12-hour lights-on or lights-off periods
in rats administered hypocretin-2—saporin (black bars) or saline (gray bars). *P < .05. REM refers to rapid eye movement.
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Although seemingly at odds with early fiber-disrupting lesion
studies, these findings are consistent with the lack of gross
changes in spontaneous sleep-wake amounts in HDC-null mice,
which show a significant reduction in brain histamine levels.!2
Moreover, rats treated with the histamine Hj receptor agonist,
immepip, which produces a rapid decrease in cortical histamine
levels, do not have any marked changes in spontaneous amounts
of sleep and wakefulness.22 When taken together, these results
suggest that homeostatic regulation of sleep does not require the
histaminergic neurons. However, because neurons take several
days to die in the current experiment, our results do not rule out
a major role for TMN neurons in moment-to-moment regulation
of spontaneous arousal. On the other hand, these findings do sug-
gest that the marked hypersomnolence seen in early hypothalam-
ic lesion studies’?® was due to additional damage outside of the
TMN—either to fibers of passage, other cell groups, or both.

Although TMN neurons may not be critically required for
spontaneous arousal, they may nevertheless play other important
roles in promoting wakefulness. They may awaken the animal at
specific times of the day, since HDC-null mice show decreased
wakefulness during the early part of the lights-off period. In the
present study, such an effect was not found, possibly because our
sample size was not large enough to detect this relatively mild
effect and possibly also because not all of the TMN neurons were
destroyed in our study. The TMN might also critically promote
arousal in response to environmental challenges, such as novelty,
because HDC-null mice lack the normally robust increase in
wakefulness seen when animals are placed into novel cages.!2 In
addition, it is possible that the TMN may be more important in
the control of spontaneous wakefulness in species other than rats.
For example, inactivation of posterior hypothalamic neurons by
muscimol microinjections, which do not destroy fibers of pas-
sage, causes hypersomnia in cats.2* Alternately, the hypersomno-
lence seen in cats after muscimol injections could be due to the
rapid action of muscimol, which inactivates neurons within min-
utes, whereas in the current study, cell death occurred over sev-
eral days. Hence, it is possible the compensatory effects emerged
in the present study that would not have been possible in the ear-
lier study in cats.

TMN neurons receive a heavy projection from sleep-active
neurons in the ventral lateral preoptic (VLPO) area.2’> VLPO neu-
rons are sleep activeS and may also promote sleep because cyto-
toxic lesions of this area cause long-lasting insomnia.2® Because
VLPO neurons express the inhibitory neurotransmitters y-butyric
acid and galanin,?” we had hypothesized that VLPO neurons
could promote sleep via inhibition of TMN neurons. However,
the results of the present study and the data from the HDC-null
mice suggest that this pathway is not critical for the homeostatic
regulation of sleep. However, this pathway may still critically
inhibit wakefulness under more specific conditions that we did
not examine, eg, in response to novelty. They may also sustain
wakefulness during cataplectic attacks in narcoleptic humans and
canines, since putative histamine neurons are active during the
cataplexy in narcoleptic dogs.28

In addition to histaminergic neurons in the TMN, there are sev-
eral other neuronal groups implicated in arousal in the brain.
They include hypocretin neurons in the lateral hypothalamus,
cholinergic neurons in the basal forebrain and mesopontine
tegmentum, noradrenergic neurons in the locus coeruleus, and
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serotonergic neurons in the dorsal raphe.?® VLPO neurons project
to all of these brain areas,?’ raising the possibility that sponta-
neous sleep requires the simultaneous inhibition of multiple
arousal systems. In fact, it has been suggested that these multiple
arousal systems are redundant, so that no one system is absolute-
ly necessary for the occurrence of waking.?’ Therefore, loss of
TMN neurons could be largely compensated for by activity of
other arousal systems. An alternate view that is also consistent
with the current results is that various arousal systems promote
arousal during different times or situations and that loss of par-
ticular arousal systems may cause selective deficits in wakeful-
ness instead of global changes in levels of wakefulness. Future
studies using multiple lesions of the TMN and other brain areas
implicated in arousal are needed to clarify the roles of different
arousal systems in waking and sleep.
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