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Fragmented sleep is a common and troubling symptom in ageing and Alzheimer’s disease; however, its neurobiological basis in

many patients is unknown. In rodents, lesions of the hypothalamic ventrolateral preoptic nucleus cause fragmented sleep. We

previously proposed that the intermediate nucleus in the human hypothalamus, which has a similar location and neurotrans-

mitter profile, is the homologue of the ventrolateral preoptic nucleus, but physiological data in humans were lacking. We

hypothesized that if the intermediate nucleus is important for human sleep, then intermediate nucleus cell loss may contribute

to fragmentation and loss of sleep in ageing and Alzheimer’s disease. We studied 45 older adults (mean age at death 89.2 years;

71% female; 12 with Alzheimer’s disease) from the Rush Memory and Aging Project, a community-based study of ageing and

dementia, who had at least 1 week of wrist actigraphy proximate to death. Upon death a median of 15.5 months later, we used

immunohistochemistry and stereology to quantify the number of galanin-immunoreactive intermediate nucleus neurons in each

individual, and related this to ante-mortem sleep fragmentation. Individuals with Alzheimer’s disease had fewer galaninergic

intermediate nucleus neurons than those without (estimate �2872, standard error = 829, P = 0.001). Individuals with more

galanin-immunoreactive intermediate nucleus neurons had less fragmented sleep, after adjusting for age and sex, and this

association was strongest in those for whom the lag between actigraphy and death was 51 year (estimate �0.0013, standard

error = 0.0005, P = 0.023). This association did not differ between individuals with and without Alzheimer’s disease, and similar

associations were not seen for two other cell populations near the intermediate nucleus. These data are consistent with the

intermediate nucleus being the human homologue of the ventrolateral preoptic nucleus. Moreover, they demonstrate that a

paucity of galanin-immunoreactive intermediate nucleus neurons is accompanied by sleep fragmentation in older adults with

and without Alzheimer’s disease.
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Introduction
Fragmented sleep is a common and troubling symptom in ageing

and Alzheimer’s disease, and is associated with a number of nega-

tive health outcomes. Sleep fragmentation predicts incident de-

pression in older adults (Cole and Dendukuri, 2003), correlates

with poor quality of life (Hidalgo et al., 2007), predicts fall risk

(Stone et al., 2008), and is associated with poorer cognition in

older individuals (Oosterman et al., 2009). In those with dementia,

sleep is even more disturbed (Allen et al., 1987), and sleep dis-

turbances are a trigger for institutionalization (Pollak and Perlick,

1991). Although identifiable sleep disorders such as sleep apnoea

are found in some older patients with fragmented sleep (Ancoli-

Israel et al., 1991), and degeneration in the hypothalamic supra-

chiasmatic nucleus, the ‘master circadian clock’, may be important

for others—particularly those with very advanced Alzheimer’s dis-

ease (Harper et al., 2008)—the biological basis of fragmented

sleep in many patients is unknown.

In rodents, the ventrolateral preoptic nucleus is a galaninergic

nucleus in the anterior hypothalamus that plays a critical role in

maintaining sustained sleep (Sherin et al., 1996; Lu et al., 2000).

The ventrolateral preoptic nucleus is selectively sleep-active (Sherin

et al., 1996; Szymusiak et al., 1998), and sends inhibitory projec-

tions to wake-promoting areas (Sherin et al., 1998). Lesions of the

ventrolateral preoptic nucleus result in marked sleep fragmentation

due to difficulties in maintaining sustained sleep, as well as a de-

crease in total sleep time (Lu et al., 2000)—a pattern similar to

that seen in ageing and Alzheimer’s disease—suggesting that cell

loss in the human homologue of the ventrolateral preoptic nucleus

may contribute to sleep fragmentation and loss in ageing and

Alzheimer’s disease. There is evidence that the galaninergic neu-

rons of the ventrolateral preoptic nucleus are particularly import-

ant for sleep regulation. In rodents, 480% of the sleep-active

neurons in the ventrolateral preoptic nucleus also express galanin

mRNA (Gaus et al., 2002), and the vast majority of ventrolateral

preoptic nucleus neurons that project to the tuberomamillary

nucleus, a key wake-promoting centre, are galaninergic (Sherin

et al., 1998).

The human homologue of the rodent ventrolateral preoptic nu-

cleus is uncertain. We proposed previously that the intermediate

nucleus (Brockhaus, 1942), which like the rodent ventrolateral

preoptic nucleus expresses galanin as a neurotransmitter and lies

in the chiasmatic region of the anterior hypothalamus (Gai et al.,

1990; Gaus et al., 2002; Garcia-Falgueras et al., 2011), may be

the homologue of the rodent ventrolateral preoptic nucleus.

Studies of the intermediate nucleus in ageing have previously re-

ported a decrease in intermediate nucleus cell numbers or inter-

mediate nucleus volume with increasing age (Allen et al., 1989;

Hofman and Swaab, 1989; Garcia-Falgueras et al., 2011); how-

ever the sleep-wake behaviour of these individuals was not

ascertained.

Ideally, a study examining the impact of intermediate nucleus

integrity on human sleep would examine both simultaneously.

However, by virtue of its location and size, the integrity of the

human intermediate nucleus cannot easily be assessed ante-

mortem. Therefore, to examine the impact of intermediate nucleus

integrity on human sleep requires a comparison of intermediate

nucleus integrity post-mortem with measures of ante-mortem

sleep architecture proximate to death. Because time of death

is unpredictable, this requires repeated measurements of sleep

architecture in the same individuals to ensure that once death

occurs, post-mortem intermediate nucleus integrity can be com-

pared to a relatively recent measurement of sleep architecture.

Polysomnography is ill-suited to this purpose because of high par-

ticipant burden, perturbation of normal sleep behaviour by the

study apparatus, and expense. Meanwhile, self-report sleep meas-

ures correlate poorly with objective measures (Lauderdale et al.,

2008), and can be confounded by cognitive impairment, which

can be common in those at the end of their lives. To overcome

these limitations, we studied individuals participating in the Rush

Memory and Aging Project, a community-based cohort study of

ageing and dementia in which participants undergo biennial acti-

graphy and agree to brain donation upon death. Using data from

this cohort, we recently developed and validated a novel metric of

sleep fragmentation in ageing and dementia (Lim et al., 2011,

2012, 2013).

In the present study, we used a clinico pathological correlation

approach in Memory and Aging Project participants with and

without Alzheimer’s disease to examine the hypothesis that loss

of neurons in the human intermediate nucleus, as the homologue

of the rodent ventrolateral preoptic nucleus, correlates with sleep

loss and fragmentation measured by actigraphy in older adults

with and without Alzheimer’s disease.

Materials and methods

Study population
We studied 45 participants in the Rush Memory and Aging Project—a

community-based cohort study of the chronic conditions of ageing in

which participants undergo annual testing and agree to brain donation

upon death (Bennett et al., 2012). The study began in 1997. Biennial

actigraphy was added to the study protocol in 2005, and all surviving

participants and new enrolees since then were offered the opportunity

to undergo actigraphic recording. For the present study, we analysed

data and tissue from deceased Memory and Aging Project participants

with at least one actigraphic recording before death, available post-

mortem hypothalamic tissue containing the intermediate nucleus of

the hypothalamus, and who were not taking sedative or hypnotic

medications at the time of actigraphy. At the time of these analyses,

there were 886 Memory and Aging Project participants with at least

one actigraphic recording, 190 of whom had died and undergone

autopsy. Of these, we excluded data from 17 individuals who were

taking sedative-hypnotic medications at the time of actigraphy. Upon

death, brains were removed and hemisected, and cut into 1-cm slabs.

One hemisphere from each brain was fixed in paraformaldehyde,

blocks containing the hypothalamus from the chiasmatic region to

the mammillary bodies were manually dissected, a 1:4 50 mm coronal

series was cut using a sliding microtome, and one series was stained

immunohistochemically for galanin. Because the brain specimens were

originally collected for other purposes, and in some cases portions of

the hypothalamus had already been sampled for other studies, the

entire chiasmatic region of the hypothalamus was not available for

all cases. Coronal series containing the entire intermediate nucleus,
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as determined by visual inspection of the fixed brain slabs, hypothal-

amic blocks, and of the galanin-stained sections, were available from

45 individuals.

Statement of ethics approval
This study was approved by the Institutional Review Boards of

Rush University Medical Centre and the Beth Israel Deaconess

Medical Centre. Written informed consent was obtained from all par-

ticipants. All participants signed an anatomical gift act for organ

donation.

Sleep assessment
Sleep was assessed by actigraphy. Actigraphs (Actical, Philips

Respironics) set to record in 15-s epochs were placed by study staff

on participants’ non-dominant wrists for up to 10 days. For this study,

we used the last available actigraphic recording before death.

Actigraphic data were analysed using algorithms programmed in

MATLAB (Mathworks).

Sleep fragmentation is the extent to which sleep is interrupted by

repeated awakenings. Our primary metric of sleep fragmentation was

the kRA as described and validated elsewhere (Lim et al., 2011, 2012,

2013). Briefly, kRA is the probability per 15-s epoch of having an

arousal, as indicated by movement (defined as a non-zero activity

count) after a long (about 55 min) period of rest (i.e. sleep), with a

higher kRA indicating greater sleep fragmentation. In a previous study

(Lim et al., 2013), we showed that kRA correlates well with several

standard polysomnographic measures of sleep consolidation including

sleep efficiency and wake time after sleep onset. As secondary acti-

graphic sleep outcomes, we considered the average number of hours

per day spent in bouts of rest lasting 510 min (a measure of the total

daily amount of consolidated rest), and the percentage of total rest

time spent in bouts of rest lasting 510 min.

In addition to the above actigraphic metrics, participants were also

asked about their self-reported habitual sleep times, and the frequency

with which they experience difficulty initiating sleep or maintaining

sleep.

Assessment of clinical and
demographic variables
Age at death was computed from the self-reported date of birth and

the recorded date of death. Sex and years of education were recorded

at the baseline interview. Medications were coded using the Medi-

Span system.

As described elsewhere (Wilson et al., 2005), participants under-

went annual cognitive evaluation with 19 cognitive tests in five cog-

nitive domains, which were reviewed by a neuropsychologist to

determine the presence or absence of cognitive impairment.

Annually, and at the time of death, individuals were classified as

having Alzheimer’s disease or not according to the National Institute

of Neurological and Communicative Diseases and Stroke/Alzheimer’s

Disease and Related Disorders Association criteria (McKhann et al.,

1984) using all available cognitive and clinical data as previously

described (Bennett et al., 2006a).

Immunohistochemistry
Upon death, brains were removed, hemisected, and cut into 1-cm

slabs on a Plexiglas jig. One hemisphere from each brain was fixed

in 4% paraformaldehyde for 3 days and available for histological ana-

lysis. Slabs were then transferred to a graded cryoprotectant solution

(final solution 20% glycerol and 2% dimethylsulphoxide in PBS) and

stored at 4�C. From these slabs, blocks containing the hypothalamus

from the chiasmatic region to the mammillary bodies were manually

dissected. Glycerol was removed by immersion in PBS + 0.2% (w/v)

sodium azide for 1 week. Blocks were then cryoprotected by immer-

sion for 72 h in 20% sucrose + 0.2% (w/v) sodium azide in PBS for

72 h and four 1:4 50 -mm coronal series were cut using a sliding

microtome.

One of the 1:4 series was selected for immunohistochemistry for

galanin. Sections were washed three times for 5 min in PBS and

placed in 10 ml 0.1 M Tris-Cl pH 10 in a 20 ml glass scintillation

vial, which was subsequently placed in a 90�C water bath for

20 min for the purpose of antigen retrieval. After being allowed to

cool to room temperature over 1 h, sections were rinsed three times

for 10 min in PBS and immersed in 1% (w/v) sodium borohydride for

30 min to reduce any remaining free aldehyde groups. Sections were

then rinsed three times for 10 min in PBS and immersed in 1% (w/v)

H2O2 and 20% ethanol in PBS for 90 min to inactivate endogenous

peroxidases. After rinsing three times for 10 min in PBS, sections were

placed in 10% (w/v) non-fat dry milk and 0.25% (v/v) TritonTM

X-100 in PBS for 2 h to block non-specific protein binding sites.

Without rinsing, sections were then incubated for 5 days at 4�C in

polyclonal rabbit-anti-galanin antiserum (Bachem AG; Catalogue

Number T-4326; Lot Number 982035; prepared against full-length

human galanin) diluted 1:2000 in PBS with 5% (w/v) non-fat dry

milk, 0.25% (v/v) TritonTM X-100, and 0.2% (w/v) sodium azide.

Sections were then rinsed three times for 30 min in PBS with 0.25%

(v/v) TritonTM X-100 and incubated overnight at room tempera-

ture in monoclonal biotinylated donkey-anti-rabbit IgG (Jackson

Immunoresearch) diluted 1:500 in PBS with 5% (w/v) non-fat dry

milk, 0.25% (v/v) TritonTM X-100. Sections were then rinsed three

times for 30 min in PBS with 0.25% (v/v) TritonTM X-100. Sections

were then incubated for 10 min in a 0.06% solution of 3,3-diamino-

benzidine tetrahydrochloride (Sigma) plus 0.4% nickel ammonium

sulphate. H2O2 was then added to a final concentration of 0.1%.

Once appropriate staining was attained, the reaction was stopped

by rinsing three times for 10 min in PBS. Sections were then mounted

on glass slides, dried overnight, dehydrated in a series of graded al-

cohols and xylene, and cover slipped using Permount (Fisher

Scientific). The distribution of galanin protein and mRNA in the

human anterior hypothalamus is well-known and has been character-

ized by both in situ hybridization for mRNA (Gaus et al., 2002) and

immunohistochemistry for protein (Garcia-Falgueras et al., 2011). The

antibody used in the present study stained a neuronal pattern in the

human anterior hypothalamus that is identical to these previous re-

ports, providing a strong indication that the antibody is indeed iden-

tifying galaninergic neurons. To further confirm antibody specificity,

the above protocol was repeated, with the minimum concentration of

primary antibody necessary to obtain visible staining (1:20 000) with-

out and with preadsorption with 50 mg/ml of galanin peptide for 1 h,

which was sufficient to abolish all visible staining. Together, these

controls provide strong evidence for antibody specificity (Saper,

2005, 2009).

Because the brain specimens were originally collected for other pur-

poses, and in some cases portions of the hypothalamus had already

been sampled for other studies, the suprachiasmatic nucleus in its en-

tirety was not available for analysis in the present study in all cases.

Sections from the 22 individuals with the complete suprachiasmatic

nucleus available underwent immunohistochemistry for vasoactive
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intestinal peptide (one 1:4 50-mm series) and AVP (one 1:4 50-mm

series).

The immunohistochemistry protocol for VIP was similar to that for

galanin, but using polyclonal rabbit-anti-VIP antiserum (ImmunoStar;

catalogue number 20077; lot number 722001) at a concentration of

1:50 000 as the primary antiserum. This antibody stained a neuronal

pattern in the human anterior hypothalamus that is identical to previ-

ous reports of vasoactive intestinal peptide immunohistochemistry

(Dai et al., 1997). To further confirm antibody specificity, the protocol

was repeated with the minimum concentration of primary antibody

necessary to obtain visible staining (1:100 000) without and with pre-

adsorption with VIP at a concentration of 50mg/ml for 1 h, which was

sufficient to abolish all visible staining.

The immunohistochemistry protocol for AVP was similar to that for

galanin, but without the antigen retrieval step, and with polyclonal

rabbit-anti-AVP antiserum (Millipore; catalogue number AB1565; lot

number NG1820107) at a concentration of 1:2000 as the primary

antiserum. This antibody stained a neuronal pattern in the human

anterior hypothalamus that is identical to previous reports of AVP

immunohistochemistry (Dai et al., 1997). To confirm antibody specifi-

city, the protocol was repeated with the minimum concentration

of primary antibody necessary to obtain visible staining (1:100 000)

without and with preadsorption with AVP peptide at a concentra-

tion of 1 mg/ml for 1 h, which was sufficient to abolish all visible

staining.

Cell counting
The total number of galanin-immunoreactive neurons in the intermedi-

ate nucleus of one hemisphere of each participant was determined

using the optical fractionator (Gundersen and Jensen, 1987; West

et al., 1991; West, 1999) stereological method implemented using a

Zeiss Axiophot light microscope (Carl Zeiss MicroImaging) with a

motorized stage and Stereo Investigator software (MBF Bioscience).

All counting was done by trained technicians blinded to the clinical

and actigraphic characteristics of each study participant. To avoid bias,

the counting frame was objectively defined as a 1 mm � 3 mm box

whose long axis was parallel to the lateral wall of the third ventricle,

and whose inferomedial corner lay at the midpoint of a line parallel to

the base of the brain connecting the angle between the base of the

brain and the hypothalamic chiasmatic region inferolateral to the

supraoptic nucleus, to the lateral wall of the third ventricle (Fig. 1A).

This assignment of the counting area reliably separated the galaniner-

gic neurons of the intermediate nucleus from those in the medial

preoptic area and the supraoptic nucleus, which belong to different

populations. The rostral extent of the counting frame was the anter-

ior aspect of the optic chiasm. The caudal extent of the counting

frame was defined by the entry of any portion of the fornix into the

counting box. Gundersen’s counting rules were used (Gundersen

and Jensen, 1987; West et al., 1991; West, 1999), with an x–y grid

spacing of 150mm, counting box of 50 mm � 50 mm � 8 mm, and

guard zones of 1 mm. In each section, a low-power objective lens

(�2.5) was used to define the counting frame. Actual counting

was done using an oil immersion �100 objective lens. Actual section

thickness was measured every four counting boxes, and this value

was used in all computations. The median coefficient of error

was 0.13.

The total number of AVP-immunoreactive and VIP-immunoreactive

neurons in the suprachiasmatic nucleus of one hemisphere in the 22

participants for which this tissue was available was determined using

the same counting parameters, but with the counting box bounded

ventrally by the optic tract, medially by the third ventricle, dorsally

by the paraventricular nucleus, and laterally by the supraoptic

nucleus. Suprachiasmatic nucleus AVP-immunoreactive neurons,

which have relatively small somata, were easily distinguished from

the much larger AVP-immunoreactive neurons in the paraventricular

and supraoptic nuclei. All VIP-immunoreactive neurons within the

counting frame were counted, as there are no VIP-immunoreactive

neurons in the human anterior hypothalamus aside from those in

the suprachiasmatic nucleus. The median coefficient of error for the

AVP-immunoreactive suprachiasmatic neuron population was 0.08.

The median coefficient of error for the VIP-immunoreactive suprachi-

asmatic neuron population was 0.14.

Figure 1 The intermediate nucleus of the hypothalamus.

(A) Representative low power view of the anterior hypothal-

amus stained immunohistochemically for galanin. The box

indicates the counting frame used to define the intermediate

nucleus. The long axis of the box is parallel to the lateral wall of

the third ventricle. The inferomedial corner of the box is at the

midpoint of a line, parallel to the base of the brain, connecting

the angle between the base of the brain and the chiasmatic

region inferolateral to the supraoptic nucleus to the lateral

wall of the third ventricle. 3V = third ventricle; IN = intermediate

nucleus; DBB = nucleus of the diagonal band of Broca;

OT = optic tract; OC = optic chiasm. (B) Representative high

power view of intermediate nucleus of the hypothalamus

stained for galanin.
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Pathological diagnosis of Alzheimer’s
disease
As described previously (Bennett et al., 2006b), Bielschowsky silver

stain was used to visualize neurofibrillary tangles, diffuse plaques,

and neuritic plaques in the frontal, temporal, parietal, and entorhinal

cortices, and the hippocampus. Braak stages 0–VI were assigned based

upon the distribution and severity of neurofibrillary tangle pathology

(Braak and Braak, 1991). All cases received a neuropathological diag-

nosis of no Alzheimer’s disease, low likelihood Alzheimer’s disease,

intermediate likelihood Alzheimer’s disease, or high likelihood

Alzheimer’s disease based on the National Institutes of Aging-

Reagan criteria (National Institute on Aging and Reagan Institute

Working Group of Diagnostic Criteria for the Neuropathological

Assessment of Alzheimer’s Disease, 1997).

Statistical analysis
All models were adjusted for age at death and sex. Age was con-

sidered relative to the mean age of all participants.

We compared the 45 participants with hypothalamic blocks contain-

ing the intermediate nucleus, and the 128 participants without hypo-

thalamic blocks containing the intermediate nucleus with regard to a

number of clinical and demographic variables. The Wilcoxon rank-sum

test was used to compare continuous measures, and the �2 test was

used to compare discrete measures.

We next examined the bivariate relationships between age, sex, and

presence/absence of Alzheimer’s disease, and the number of galanin-

immunoreactive intermediate nucleus neurons per hemisphere in

unadjusted models using linear regression.

To examine the relationship between the number of galanin-

immunoreactive intermediate nucleus neurons at death and sleep frag-

mentation measured at the actigraphic recording closest to the time

of death, we used a linear regression model adjusted for age and sex,

with kRA as the outcome. Because the time lag between actigraphy

and death is an important potential confounder and/or modifier of any

relationship between the number of galanin-immunoreactive inter-

mediate nucleus neurons at death and sleep fragmentation measured

before death, we initially considered a model that included a

(lag � galanin-immunoreactive neuron) interaction term. If this inter-

action was significant at P5 0.05, then we stratified subsequent ana-

lyses into two strata—individuals who died within 1 year of actigraphy,

and those who died 41 year after last actigraphy. Next, to examine

if the presence/absence of Alzheimer’s disease altered any associations

between neuron counts and sleep fragmentation, we considered

models with a (Alzheimer’s disease � galanin-immunoreactive

neuron) interaction term and performed stratified analyses if this inter-

action was significant at P5 0.05. For all models, the relationship be-

tween galanin-immunoreactive intermediate nucleus neuron numbers

and sleep fragmentation measured by kRA, after adjusting for age and

sex, was graphically depicted using partial regression plots and partial

correlation coefficients, and quantified by examining the significance

of the regression coefficients.

In secondary analyses, we repeated these procedures considering

a number of additional sleep measures including the average

number of hours per day spent in bouts of rest lasting 10 min or

longer (a measure of the total daily amount of consolidated rest,

which is likely to represent sleep), the percentage of total rest time

spent in bouts of rest lasting 510 min, and the self-reported habitual

hours of sleep per night, in linear models adjusted for age and

sex. We also examined the relation between the number of

galanin-immunoreactive intermediate nucleus neurons and the odds

of ‘often’ or ‘very often’ experiencing difficulties initiating or maintain-

ing sleep as compared to ‘sometimes’, ‘rarely’ or ‘never’ experiencing

these difficulties, using logistic regression models adjusted for age

and sex.

To examine the anatomical specificity of any observed associations,

we repeated our primary analyses considering two cell populations in

the same region of the hypothalamus as the intermediate nucleus—the

AVP-immunoreactive and VIP-immunoreactive neurons of the supra-

chiasmatic nucleus.

All statistical analyses were carried out in the R programming lan-

guage (R Development Core Team, 2008). For all analyses, model

assumptions were confirmed by visual analysis of residual plots, and

variables were transformed as needed to achieve normality.

Results

Study population
The characteristics of the study participants are summarized in

Table 1. The 45 individuals for whom hypothalamic blocks con-

taining the entire intermediate nucleus were available did not

differ significantly from the 128 individuals for whom such hypo-

thalamic blocks were not available. Of the 12 individuals with a

clinical diagnosis of Alzheimer’s disease, all but one were classified

as having an intermediate or high likelihood of Alzheimer’s disease

by NIA-Reagan criteria (National Institute on Aging and

Reagan Institute Working Group of Diagnostic Criteria for the

Neuropathological Assessment of Alzheimer’s Disease, 1997).

One of these individuals was classified as Braak stage VI, six as

Braak stage V, four as Braak stage IV, and one as Braak stage III

(Braak and Braak, 1991).

Sleep fragmentation
In simple linear regression models, among all 173 deceased par-

ticipants with actigraphy, the mean [standard deviation (SD)] kRA

was 0.029 (0.007). Male sex was associated with higher sleep

fragmentation [estimate + 0.008, standard error (SE) 0.002,

P = 1.5 � 10�5] and each additional year of age was associated

with slightly less sleep fragmentation (estimate �0.00003, SE

0.00001, P = 0.012). There was a trend toward increased sleep

fragmentation in individuals with Alzheimer’s disease versus

those without (estimate + 0.0024, SE 0.0016, P = 0.15).

Immunohistochemistry
Immunohistochemistry for galanin revealed several galaninergic

cell groups in the anterior hypothalamus (Fig. 1A) including the

intermediate nucleus, paraventricular nucleus, medial preoptic

area, supraoptic nucleus and diagonal band of Broca. The inter-

mediate nucleus is clearly appreciated as a discrete galanin-

immunoreactive cell group lateral to the medial preoptic area,

and dorsomedial to the supraoptic nucleus. Individual galaninergic

intermediate nucleus neurons were multipolar and intermediate in

size (�25–30 mm in longest diameter), compared with the much

larger supraoptic and paraventricular neurons (�40–60mm) and
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the somewhat smaller medial preoptic neurons (15–20 mm).

(Fig. 1B)

The mean (SD) number of galanin-immunoreactive neurons per

intermediate nucleus was 4454 (2750). There was no significant

difference in the mean number of galanin-immunoreactive neu-

rons in those individuals in whom the right versus left hemisphere

was sampled (estimate + 1065, standard error 851, P = 0.22). Sex

was not associated with differences in the mean number of gala-

nin-immunoreactive neurons. Individuals with Alzheimer’s disease

had substantially fewer galanin-immunoreactive intermediate nu-

cleus neurons than those without (estimate �2872, standard error

829, P = 0.001; Fig. 2). Individuals without Alzheimer’s disease

(mean age 86.0) had a mean of 5220 galanin-immunoreactive

neurons, whereas individuals with Alzheimer’s disease (mean age

91.0) had a mean of 2348 galanin-immunoreactive neurons.

This difference remained significant after adjusting for age and

sex (estimate �3128, standard error 928, P = 0.002). In addition,

there was a trend toward a linear association between a higher

Braak stage and a lower number of galanin-immunoreactive inter-

mediate nucleus neurons (estimate �635, SE 339, P = 0.068).

Within the narrow range of ages of death in this study [interquar-

tile range (IQR) 84.5–90.0] there was no significant correlation

between age at death and number of galanin-immunoreactive

intermediate nucleus neurons.

The number of galanin-immunoreactive
neurons in the intermediate nucleus is
associated with sleep fragmentation
In a linear regression model adjusted for age at death, sex, and

time lag between actigraphy and death, and including an

interaction term between time lag and number of galanin-immu-

noreactive neurons, sleep fragmentation was inversely correlated

with the number of galanin-immunoreactive neurons, with higher

numbers of neurons being associated with less sleep fragmentation

(estimate �0.0016 per 1000 neurons, SE 0.0005, P = 0.0005).

However, the interaction term was significant (estimate + 0.00005,

SE 0.00002, P=0.019), indicating that the strength of this association

varied according to the time lag between actigraphy and death, with

Table 1 Comparison of participants in whom tissue blocks containing the intermediate nucleus were and were not available

Characteristics Intermediate nucleus not available Intermediate nucleus available P-value
(n = 128) (n = 45)

Age at death (years) 89.5 (85.2–93.6) 89.4 (85.2–93.5) 0.73

Male sex 40 (31%) 13 (29%) 0.91

Clinical Alzheimer’s disease 52 (41%) 12 (27%) 0.14

NIA-Reagan pathological classification
for Alzheimer’s disease

No: 2 (2%) No: 0 (0%) 0.83
Low: 46 (36%) Low: 16 (36%)

Intermediate: 61 (48%) Intermediate: 21 (47%)

High: 19 (15%) High: 8 (18%)

Braak stage 0: 2 (2%) 0: 0 0.49
I: 8 (6%) I: 3 (7%)

II: 13 (10%) II: 4 (9%)

III: 39 (30%) III: 7 (16%)

IV: 39 (30%) IV: 19 (42%)

V: 24 (19%) V: 11 (24%)

VI: 3 (2%) VI: 1 (2%)

Months between actigraphy and death 14.2 (7.3–26.0) 15.5 (7.4–26.1) 0.68

Post-mortem interval 6.3 (4.8–9.8) 6.4 (4.8–9.7) 0.45

Sleep fragmentation (kRA) 0.0327 (0.023–0.035) 0.027 (0.023–0.030) 0.55

Self-report hours of sleep 7.0 (6.0–8.0) 7.0 (6.0–8.0) 0.34

Hours of sustained rest per day 7.2 (6.0–8.3) 7.1 (5.9–8.2) 0.32

Proportion of rest time spent in long bouts 0.48 (0.38–0.55) 0.49 (0.43–0.55) 0.38

All values expressed as median (IQR) or n (%).

Figure 2 The presence of Alzheimer’s disease (AD) is associated

with fewer galanin-immunoreactive neurons in the intermediate

nucleus (IN) (n = 45).
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the strongest association seen for individuals in whom actigraphy was

performed shortly before death, and a weaker association seen for

individuals in whom there was a long time delay between actigraphy

and death. Because of this, we stratified our cohort into those in

whom actigraphy was performed 51 year before death (n = 19)

and those in whom actigraphy was performed 41 year before

death (n = 26). In those in whom actigraphy was performed within

1 year of death, there was a strong negative association between

the number of galaninergic intermediate nucleus neurons and

sleep fragmentation (estimate �0.0013 per 1000 neurons, SE

0.0005, P = 0.023; Table 2 Model B and Fig. 3A). However, in

those in whom actigraphy was performed 41 year before death,

this was substantially attenuated (estimate �0.00009, SE 0.0003,

P = 0.81).

The association between the number of
galanin-immunoreactive neurons in the
intermediate nucleus and sleep frag-
mentation is similar in individuals with
and without Alzheimer’s disease
Alzheimer’s disease is associated with a number of sleep abnorm-

alities. We examined whether the association between the number

of galanin-immunoreactive neurons in the intermediate nucleus

and sleep fragmentation depended on the presence/absence of

Alzheimer’s disease by considering a model with a (galanin-immu-

noreactive neuron � Alzheimer’s disease) interaction term. This

interaction term was not significant (interaction estimate

�0.0008, SE 0.0017, P = 0.64), indicating that the association

between the number of galanin-immunoreactive neurons and

sleep fragmentation does not differ between those with and with-

out Alzheimer’s disease. As seen in Fig. 4, the association is similar

in both groups, as is the partial correlation coefficient (r = �0.72

in those without Alzheimer’s disease and r = �0.65 in those with

Alzheimer’s disease). A similar result was seen when a pathological

rather than clinical classification of Alzheimer’s disease was used

(interaction estimate + 0.0022, SE 0.0014, P = 0.14 for NIA-

Reagan intermediate/high versus low/no).

The number of galanin-immunoreactive
neurons in the intermediate nucleus is
positively correlated with the amount of
sustained rest
There is an incomplete concordance between rest measured by

activity and sleep measured electrophysiologically. While short

bouts of rest may represent either quiet wakefulness or sleep,

longer bouts are more likely to represent sleep. In those individuals

who had actigraphy 41 year before death, we examined the as-

sociation between the number of galanin-immunoreactive neurons

in the intermediate nucleus and the average amount of time per

day spent in rest bouts 510 min using a linear regression model

adjusted for age and sex. Higher numbers of galanin-immunoreac-

tive neurons were associated with a greater number of hours

spent in these long rest bouts, and also with these long rest

bouts accounting for a greater proportion of total rest time

(Fig. 5A and B; Supplementary Fig. 1).

The number of galanin-immunoreactive intermediate nucleus

neurons was not associated with the self-reported habitual

number of hours of sleep (P = 0.43), or with the odds of reporting

often or very often experiencing difficulty with sleep initiation

(P = 0.95) or maintenance (P = 0.35).

The association between the number
of galanin-immunoreactive neurons in
the intermediate nucleus and sleep
fragmentation is anatomically specific
To address the question of whether the association between gala-

nin-immunoreactive neurons in the intermediate nucleus and sleep

fragmentation is specific to the intermediate nucleus or represen-

tative of more general regional hypothalamic cell loss, we assessed

the relation between cell counts in two nearby hypothalamic cell

populations (the AVP and VIP-immunoreactive neurons of the

suprachiasmatic nucleus) and sleep fragmentation measured by

kRA using linear regression in the subset of 22 study participants

for whom blocks containing the entire suprachiasmatic nucleus

Table 2 The number of galanin-immunoreactive neurons in the intermediate nucleus is associated with sleep fragmentation
as assessed by actigraphy

Effect on kRA [estimate (SE)]

P-value

Predictor Model A Model B Model C
(all participants; n = 45) (Lag 41 year; n = 19) (Lag 41 year; n = 26)

Age at death (per year) + 0.0001 (0.0001) P = 0.42 + 0.0003 (0.0002) P = 0.14 �0.000006 (0.00017) P = 0.97

Male sex + 0.0056 (0.0018) P = 0.004 + 0.008 (0.0028) P = 0.013 + 0.0032 (0.0025) P = 0.21

Lag between actigraphy and
death (per month)

�0.00001 (0.00005) P = 0.86

Gal + neurons (per 103 neurons) �0.0016 (0.0005) P = 0.005 �0.0013 (0.0005) P = 0.023 �0.00009 (0.0003) P = 0.81

Gal + neurons � lag (per 103

neurons per month)
+ 0.00005 (0.00002) P = 0.019
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Figure 3 The number of galanin-immunoreactive neurons in

the intermediate nucleus is associated with sleep fragmentation

as assessed by actigraphy. (A) Association between galanin-

immunoreactive neuron counts and sleep fragmentation in

subjects who died within 1 year of actigraphy (n = 19).

(B) Participants who died over 1 year after actigraphy (n = 26).

All panels show partial regression plots of models adjusted for

age, sex, and presence/absence of Alzheimer’s disease. r indi-

cates the partial correlation coefficient between the number of

galanin-immunoreactive neurons and sleep fragmentation

measured using kRA. Briefly, kRA is the probability per 15-s epoch

of having an arousal, as indicated by movement (defined as a

non-zero activity count) after a long (about 55 min) period

of rest (i.e. sleep), with a higher kRA indicating greater sleep

fragmentation. The association between the number of galanin-

immunoreactive neurons and actigraphically measured sleep

fragmentation is significantly stronger the shorter the time

lag between actigraphy and death (interaction P = 0.019).

Gal = galanin; IN = intermediate nucleus.

Figure 4 The association between number of galanin-

immunoreactive neurons in the intermediate nucleus and sleep

fragmentation does not differ by the presence/absence of

Alzheimer’s disease. (A) Association between galanin-immu-

noreactive neuron counts and sleep fragmentation considering

participants without Alzheimer’s disease who died within 1 year

of actigraphy (n = 13). (B) Participants with Alzheimer’s disease

who died within 1 year of actigraphy (n = 6). All panels show

partial regression plots of models adjusted for age and sex.

r indicates the partial correlation coefficient between the number

of galanin-immunoreactive neurons and sleep fragmentation

measured using kRA. The association between the number of

galanin-immunoreactive neurons and sleep fragmentation does

not differ in those with and without Alzheimer’s disease (inter-

action P = 0.64). AD = Alzheimer’s disease; Gal = galanin; IN =

intermediate nucleus.
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tissue were available (Supplementary Table 1). These individuals

did not differ significantly from those for whom blocks containing

the entire suprachiasmatic nucleus were not available

(Supplementary Table 1). The mean (SD) number of VIP-

immunoreactive neurons in our sample was 2610 (1374). There

was no significant association between age and numbers of

VIP-immunoreactive neurons (estimate + 55.2/year, SE 41.4,

P = 0.20). Individuals with Alzheimer’s disease did not have sig-

nificantly fewer VIP-immunoreactive neurons than those without

(estimate �809.4, SE 575.3, P = 0.18). The mean (SD) number of

AVP-immunoreactive neurons in our sample was 7998 (2107). In

our sample, increased age was associated with decreased numbers

of AVP-immunoreactive neurons (estimate �186.0, SE 53.4,

P = 0.002). Individuals with Alzheimer’s disease did not have sig-

nificantly fewer AVP-immunoreactive neurons than those without

(estimate �434.0, SE 918.0, P = 0.64). Initial models relating VIP-

or AVP-immunoreactive neuron counts to kRA, and incorporating

(cell number � lag) interaction terms, did not suggest that the

time lag between actigraphy and death was a significant effect

modifier for the relation of either cell group with sleep fragmen-

tation, and therefore we did not stratify by time lag. In models

adjusted for age, and sex, neither the AVP-immunoreactive nor

the VIP-immunoreactive cell populations in the suprachiasmatic

nucleus were associated with sleep fragmentation measured by

kRA (Fig. 6).

Discussion
In this cross-sectional clinico-pathological correlation study of 45

older individuals with and without Alzheimer’s disease, a greater

number of galanin-immunoreactive neurons in the intermediate

nucleus was associated with less sleep fragmentation measured

by actigraphy and more time spent in consolidated periods of

rest. This association with sleep fragmentation was strongest for

those individuals with the shortest time delay between actigraphy

and death, did not differ between individuals with and without

Alzheimer’s disease, and was not seen for two other nearby

hypothalamic cell populations, suggesting anatomic specificity. In

addition to this, individuals with Alzheimer’s disease had approxi-

mately half as many intermediate nucleus galanin-immunoreactive

neurons as individuals without Alzheimer’s disease.

Methodological considerations
In this study, we used actigraphy to assess sleep fragmentation.

Although actigraphy measures rest and activity, which is not the

same as the wake-sleep states measured by polysomnography, it is

widely used in the ambulatory measurement of sleep because it

can be performed inexpensively across multiple days in the home

environment, and therefore gives a better measure of daily natural

sleep behaviour than in-lab polysomnography. Furthermore, there

is good concordance between actigraphic and polysomnographic

sleep metrics (Cole et al., 1992), including the metric kRA used in

the present study (Lim et al., 2013). Actigraphy also has many

advantages over self-report sleep measures, which can be con-

founded by misperception and poor recall, particularly in individ-

uals with dementia. Further increasing confidence in our findings is

the concordant results between the three different actigraphic

sleep metrics that we used, indicating that the associations that

we observed are independent of the specific actigraphic analysis

used. One disadvantage of actigraphy versus polysomnography is

the inability to ascertain sleep disorders such as sleep apnoea.

However, the expected prevalence of sleep apnoea in community

dwelling adults over age 65 has been estimated at only 11%

Figure 5 Secondary outcomes. We considered a number of

secondary outcomes in participants with and without

Alzheimer’s disease who died within 12 months of their acti-

graphic recordings. (A) Total hours per day spent in bouts of rest

of 10 min duration or longer (n = 19). (B) Proportion of total rest

time spent in bouts 510 min (n = 19). All panels show partial

regression plots of models adjusted for age and sex. r indicates

the partial correlation coefficient between the number of gala-

nin-immunoreactive neurons and the indicated outcome.

Abbreviations: Gal = galanin; IN = intermediate nucleus.
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(Ancoli-Israel et al., 1991), which we think is probably too low to

have had a major impact on our results.

In this study, we counted the total number of galanin-immunor-

eactive neurons in the intermediate nucleus. A paucity of galanin-

immunoreactive neurons may be due to an actual loss of galanin

expressing neurons, or loss of galanin immunoreactivity without

loss of neurons. These two possibilities cannot be distinguished on

the basis of our data. On the other hand, Swaab and colleagues

(Hofman and Swaab, 1989; Garcia-Falgueras et al., 2011) have

shown that there is loss of total neurons and of galanin-immunor-

eactive neurons in the intermediate nucleus with ageing, at least

in males, so that the low numbers of galanin-immunoreactive

neurons we found in individuals with high sleep fragmentation

are likely to represent cell loss, rather than loss of galanin-staining.

In this study, the total number of galanin-immunoreactive inter-

mediate nucleus neurons was determined using the optical frac-

tionator stereological technique. This method has a number of

strengths. Because this technique measures total cell number dir-

ectly, rather than inferring total number from measurements of

cell density and region of interest volume, it is not confounded

by non-uniformity of cell density across the region of interest.

Moreover, it is relatively insensitive to differences in the precise

definition of the boundaries of the region of interest, which in our

study were determined objectively in each section based on un-

ambiguous anatomical landmarks. Another advantage of this tech-

nique is that it is not confounded by differences in cell volume.

In this study, only one hemisphere from each participant was

available for histological analysis. We are not aware of any work

suggesting that the population of galanin-immunoreactive neurons

in the intermediate nucleus shows any left versus right lateraliza-

tion. Moreover, in our data, there was no significant difference

in galanin-immunoreactive neuron counts between participants in

whom the left versus right hemisphere was analysed.

The intermediate nucleus and
suprachiasmatic nucleus in ageing
and Alzheimer’s disease
In our cohort, we found a mean (SD) of 4454 (2750) galanin-

immunoreactive intermediate nucleus neurons per hemisphere.

This is similar to previously reported unilateral galanin-immunor-

eactive intermediate nucleus neuron counts in older females

(Garcia-Falgueras et al., 2011). Within our sample, there was no

significant association between age and galanin-immunoreactive

intermediate nucleus cell counts. Others have previously reported

an inverse relationship between age and neuron counts in the

intermediate nucleus, beginning around the age of 50 (Hofman

and Swaab, 1989). One possible explanation for this discrepancy

is the narrow range and very advanced ages in our sample

(IQR 84.5–90.0), which would have made detecting significant

age effects difficult. Another possible explanation is that our sub-

jects were mostly female, and the age-related decline in intermedi-

ate nucleus neurons has previously been reported to be most

prominent for males (Garcia-Falgueras et al., 2011).

The intermediate nucleus has also been referred to as the sexu-

ally dimorphic nucleus of the hypothalamus because of an

observed sex difference in neuron counts, with males on average

having more neurons than females (Swaab and Fliers, 1985).

In this study, we found no significant difference in galanin-

immunoreactive neuron counts in males and females. We think

this may be attributable to our cohort being much older than

previous cohorts. Indeed, one other study found that the

observed sexual dimorphism of galanin-immunoreactive neuron

counts in the intermediate nucleus disappears in older adults

(Garcia-Falgueras et al., 2011).

Figure 6 The numbers of AVP-immunoreactive and VIP-

immunoreactive neurons in the suprachiasmatic nucleus are not

associated with sleep fragmentation as assessed by actigraphy.

(A) VIP-immunoreactive suprachiasmatic nucleus neuron counts

(n = 22). (B) AVP-immunoreactive suprachiasmatic nucleus

neuron counts (n = 22). All panels show partial regression plots

of models adjusted for age, sex, and presence/absence of

Alzheimer’s disease. r indicates the partial correlation coefficient

between the number of neurons and sleep fragmentation

measured using kRA). SCN = suprachiasmatic nucleus.
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In the present study, participants with Alzheimer’s disease had

significantly lower numbers of galanin-immunoreactive intermedi-

ate nucleus neurons that those without. This is in contrast to pre-

vious studies, using thionin staining, which failed to find such a

difference in total intermediate nucleus neuron counts in

Alzheimer’s disease (Swaab et al., 1993). These findings are not

mutually inconsistent. It may be that the association between

Alzheimer’s disease and intermediate nucleus neuron counts is

specific to the galaninergic subpopulation of the intermediate

nucleus, and does not involve non-galaninergic interneurons.

If this is the case, then total intermediate nucleus neuron num-

bers may not vary significantly between participants with and

without Alzheimer’s disease, even while there are statistically sig-

nificant differences in the galanin-immunoreactive subpopulation.

Alternatively, the level of galanin expression in some neurons may

have fallen below the threshold that can be detected by immuno-

histochemistry in the tissue from subjects with Alzheimer’s disease.

One interpretation of these results is that Alzheimer’s disease

itself is associated with loss of galanin-immunoreactive neurons in

the intermediate nucleus, which then leads to sleep fragmentation.

This is in keeping with work in rodent models of Alzheimer’s dis-

ease where Alzheimer’s disease pathology can precede the onset

of sleep abnormalities (Roh et al., 2012). Of interest in this regard

is the observation that compared to other nuclei in the chiasmatic

region of the anterior hypothalamus, there is a preferential accu-

mulation of amyloid-b and phosphorylated tau pathology in the

intermediate nucleus and surrounding chiasmatic grey matter in

individuals with Alzheimer’s disease and even in some aged con-

trol subjects (van de Nes et al., 1998). Several hypotheses have

been advanced to explain the differential regional distribution of

Alzheimer pathology including the neuronal activity hypothesis

whereby more active cell groups are more apt to accumulate

amyloid and tau pathology (Bero et al., 2011; Yamada et al.,

2014), and the trans-synaptic spreading hypothesis whereby mis-

folded proteins spread trans-synaptically from neuron to neuron

(Harris et al., 2010). The best evidence from recordings from

ventrolateral preoptic nucleus in rodents is that its neurons

fire in a range of �0–12 Hz, with faster firing during sleep

(Szymusiak et al., 1998), which is similar to other preoptic and

anterior hypothalamic cell groups, and not likely to put them at

excessive metabolic risk. However, in rodents, the ventrolateral

preoptic nucleus does project to and receive projections from

other hypothalamic areas such as the tuberomamillary nucleus

that themselves have a predisposition to the accumulation of

Alzheimer pathology (Saper and German, 1987; Sherin et al.,

1998; Chou et al., 2002). Further work in rodents and humans

is needed to investigate potential molecular and cellular mechan-

isms influencing the number of galanin-immunoreactive intermedi-

ate nucleus neurons in older individuals with and without

Alzheimer’s disease.

Another potential interpretation of our data is that a loss or

paucity of intermediate nucleus neurons leads to functional con-

sequences (e.g. fragmented sleep), which then predispose to

Alzheimer’s disease. This latter interpretation is in keeping with

recent work showing that in older individuals without dementia,

sleep fragmentation is associated with a higher risk of incident

Alzheimer’s disease (Lim et al., 2013), and other work showing

that amyloid-b peptide deposition is increased with sleep loss in a

rodent model of Alzheimer’s disease (Kang et al., 2009). Potential

mechanisms include the preferential clearance of toxic proteins in

sleep (and hence decreased clearance in sleep disruption) (Xie

et al., 2013), altered synaptic homeostasis in sleep disruption

which has been proposed to potentiate trans-synaptic spread of

misfolded proteins (Harris et al., 2010; Clark and Warren, 2013),

and loss of the decrease in neuronal activity in sleep in many parts

of the brain (although notably not the ventrolateral preoptic nu-

cleus) which under the neuronal activity hypothesis may promote

the accumulation of amyloid and tau pathology (Bero et al., 2011;

Yamada et al., 2014).

An important issue is whether the presumed loss of galanin-

immunoreactive neurons with ageing is typical of the anterior

hypothalamus. The numbers of vasopressin- and oxytocin-immu-

noreactive neurons in the paraventricular and supraoptic nuclei

and the corticotrophin-releasing hormone-immunoreactive neu-

rons in the paraventricular nucleus have been found not to de-

crease with ageing (Ishunina and Swaab, 2002). We studied the

vasopressin- and VIP-immunoreactive neurons in the suprachias-

matic nucleus in our cohort, because it is at roughly the same level

as the intermediate nucleus, and therefore we had intact samples

of the entire nucleus in most cases. We found a mean (SD) of

2610 (1374) VIP-immunoreactive suprachiasmatic nucleus neurons

per hemisphere, and a mean (SD) of 7998 (2107) AVP-immunor-

eactive suprachiasmatic nucleus neurons per hemisphere. This is

similar to previously reported VIP-immunoreactive and AVP-

immunoreactive neuron counts in the suprachiasmatic nucleus

(Swaab et al., 1985; Zhou et al., 1995). Others (Zhou et al.,

1995) have reported a decrease in VIP-immunoreactive suprachi-

asmatic nucleus cell counts in middle-aged (41–65 year old) com-

pared to younger (10–40 year old) males, but not females, and

with no further substantial decline past middle age. This is in

keeping with the lack of association between age and VIP-immu-

noreactive suprachiasmatic nucleus cell counts in our mostly

female sample of much older adults. Others have also reported

a decrease in AVP-immunoreactive suprachiasmatic nucleus cell

counts in the oldest (81–100 years old) age group compared to

younger ages (Swaab et al., 1985). This observation is consistent

with our finding of an inverse relationship between age and AVP-

immunoreactive suprachiasmatic neurons. In our sample, individ-

uals with Alzheimer’s disease did not have significantly fewer AVP

or VIP neurons than those without. This result is consistent with

other studies using similar immunohistochemical methods report-

ing that the number of AVP immunoreactive and VIP immunor-

eactive cells in the suprachiasmatic nucleus in patients with

dementia is within the range expected for age (Swaab et al.,

1985; Zhou et al., 1995). However, it differs from studies using

immunohistochemical cell density expressed as a neuron:glia ratio

(Harper et al., 2008) and counts of cells expressing vasopressin

mRNA in in situ autoradiograms (Liu et al., 2000; Wu et al.,

2006), which suggest that subjects with Alzheimer’s disease

have fewer vasopressinergic neurons in the suprachiasmatic

nucleus than control subjects, and studies using thionin staining,

suggesting that subjects with Alzheimer’s disease have fewer total

thionin-stained suprachiasmatic neurons than control subjects

(Swaab et al., 1985). It is likely that these discrepancies reflect
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differences in methods used to identify and quantify these neur-

onal populations (mRNA versus immunohistochemistry versus thio-

nin staining; total number versus neuron:glia ratio), as well as

technical difficulties counting neurons if cells express low levels

of target mRNA or protein.

The intermediate nucleus and sleep
fragmentation in ageing and
Alzheimer’s disease
We observed an association between the number of galanin-

immunoreactive neurons in the intermediate nucleus and sleep

fragmentation measured by actigraphy prior to death, which was

strongest for those participants with the shortest time lag between

actigraphy and death. The effect of the time lag on the strength

of this association is not surprising. The longer the time lag, the

less likely that the sleep recorded during the actigraphic recording

would be representative of sleep proximate to death when the

number of galanin-immunoreactive intermediate nucleus neurons

was quantified. The number of galanin-immunoreactive neurons

was not associated with self-reported habitual sleep time or the

self-reported frequency of difficulties with sleep initiation or main-

tenance. The association with objective but not subjective sleep

measures is not surprising given the incomplete correlation be-

tween objective and subjective sleep measures in other studies

(Lauderdale et al., 2008), and highlights the importance of object-

ively quantifying human sleep in clinical studies, rather than rely-

ing on self-report.

One possible interpretation of these results is that galanin-

immunoreactive neurons in the intermediate nucleus play a func-

tionally important role in maintaining sleep continuity, and that

lower numbers of galanin-immunoreactive intermediate nucleus

neurons actually cause sleep fragmentation. Alternatively, gala-

nin-immunoreactive intermediate nucleus neurons could be select-

ively vulnerable to sleep disruption, and loss of galanin-

immunoreactive intermediate nucleus neurons would then be a

marker of sleep fragmentation rather than a cause of it.

In favour of the first possibility, the intermediate nucleus has

several similarities to the rodent ventrolateral preoptic nucleus,

including its location in the chiasmatic region of the anterior hypo-

thalamus, and its prominent expression of galanin. In rodents, the

galaninergic ventrolateral preoptic nucleus plays a critical role in

maintaining sleep continuity (Sherin et al., 1996; Lu et al., 2000).

Neurons of the ventrolateral preoptic nucleus are selectively sleep-

active and send inhibitory projections to wake-promoting areas

(Sherin et al., 1996, 1998), and lesions of the ventrolateral pre-

optic nucleus result in prominent difficulties in maintaining sus-

tained sleep (Lu et al., 2000). The galaninergic population of the

rodent ventrolateral preoptic nucleus is thought to play a particu-

larly important role in sleep regulation. Over 80% of all sleep-

active neurons in the rat ventrolateral preoptic nucleus express

galanin mRNA (Gaus et al., 2002), and the majority of ventrolat-

eral preoptic nucleus neurons projecting to the tuberomamillary

nucleus, an important wake-promoting centre, are galaninergic

(Sherin et al., 1998). Our observations suggest that the galanin-

immunoreactive neurons in the human intermediate nucleus also

play an important role in sleep promotion and consolidation,

which would be consistent with the intermediate nucleus being

the human homologue of the ventrolateral preoptic nucleus. We

know of no evidence that sleep loss or fragmentation can damage

neurons in the intermediate nucleus or ventrolateral preoptic nu-

cleus, but this would be of interest in future studies.

Aside from galanin, other antigens reported to be expressed by

at least some intermediate nucleus neurons include acetylcholin-

esterase (Koutcherov et al., 2007), CD15 (Koutcherov et al.,

2007), thyroid releasing hormone (Fliers et al., 1994), oestrogen

receptor alpha (Kruijver et al., 2003; Garcia-Falgueras et al.,

2011), oestrogen receptor beta (Kruijver et al., 2003; Garcia-

Falgueras et al., 2011), aromatase (Fernandez-Guasti et al.,

2000; Garcia-Falgueras et al., 2011), substance P (Chawla et al.,

1997), neurokinin B (Chawla et al., 1997), and glutamic acid de-

carboxylase (Gao and Moore, 1996). For the most part, the extent

to which these cell populations overlap with the galanin-immunor-

eactive neurons examined in the present study is not known,

although studies in rats suggest that almost all galaninergic ventro-

lateral preoptic nucleus neurons also express glutamic acid decarb-

oxylase. We note that the data in this study do not necessarily

imply that the effects seen are specific to the galanin-immunor-

eactive subpopulation of the intermediate nucleus nor do they

preclude the possibility that non-galanin-immunoreactive inter-

mediate nucleus neurons may play a role in human sleep regula-

tion. Additional studies in rodents and humans are needed to

determine the relative roles of galaninergic and non-galaninergic

intermediate nucleus/ventrolateral preoptic nucleus neurons in

sleep regulation. However, these may be complicated by the

fact that aside from galanin, most of these antigens do not reliably

distinguish the intermediate nucleus from neighbouring cell groups

such as the medial preoptic area.

Our interpretation that the intermediate nucleus is the human

homologue of the ventrolateral preoptic nucleus is not inconsistent

with the existing literature reporting sexual dimorphism in the

intermediate nucleus (Swaab and Fliers, 1985), and proposing an

impact of sex hormones on this dimorphism (Garcia-Falgueras

et al., 2011). Moreover, it does not preclude additional involve-

ment of intermediate nucleus neurons in other functions.

Arguing against the possibility that the association between

intermediate nucleus galanin-immunoreactive neuron numbers

and sleep fragmentation reflects an effect of more generalized

neuron loss in the anterior hypothalamus, the association between

galanin-immunoreactive intermediate nucleus neuron counts and

sleep fragmentation was not seen for two nearby cell popula-

tions—the AVP-immunoreactive and VIP-immunoreactive neurons

of the suprachiasmatic nucleus. In addition, others have reported

no significant loss of AVP- or oxytocin- immunoreactive neurons

in either the paraventricular nucleus or supraoptic nucleus or cor-

ticotrophin-releasing hormone-immunoreactive neurons in the

paraventricular nucleus with ageing (Van der Woude et al.,

1995; Ishunina and Swaab, 2002), arguing against a general

age-related neuron loss in the anterior hypothalamus.

There exists a body of evidence that suggests that dysfunction

of the suprachiasmatic nucleus may be an important contributor to

sleep and circadian dysfunction in some clinical settings such as

advanced Alzheimer’s disease (Harper et al., 2008). Our findings
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are not inconsistent with this. Human and animal studies that have

related suprachiasmatic nucleus pathology to sleep and circadian

measures have mostly found associations with circadian measures,

or measures of activity patterns on time scales of hours to days

(Hu et al., 2007; Harper et al., 2008). We examined sleep frag-

mentation on time scales of seconds to minutes and found no

association with suprachiasmatic nucleus neuron counts. This is

consistent with the hypothesized role for the suprachiasmatic nu-

cleus in influencing sleep and activity patterns on time scales of

hours to days, but not shorter time scales (Hu et al., 2007, 2009).

Conclusions and future directions
Taken as a whole, these data suggest that neurons of the inter-

mediate nucleus may play an important role in maintaining sleep

continuity in humans, similar to the ventrolateral preoptic nucleus

in rodents. Moreover, they raise the possibility that a paucity of

intermediate nucleus neurons, whether due to ageing, neurode-

generation, or interindividual genetic factors, may be a potential

contributor to fragmented sleep in older individuals with and with-

out Alzheimer’s disease. Further work in animal models of

Alzheimer’s disease may help clarify the temporal sequence and

causal direction of cell loss in the intermediate nucleus/ventrolat-

eral preoptic nucleus and the development of Alzheimer’s disease

pathology. Further work in humans may identify pathology in

additional sleep regulatory regions that may account for other

aspects of sleep dysfunction in ageing and Alzheimer’s disease.

Meanwhile, the results of this study suggest that there may be

value in investigating pharmacological agents targeting the galanin

neurotransmitter system, or anatomically-specific neuromodulatory

therapies [e.g. optogenetic approaches (Adamantidis et al., 2007),

deep brain stimulation (Lim et al., 2009), or use of designer

receptors exclusively activated by designer drugs to modulate neu-

rons (Lee et al., 2013)] targeted to the intermediate nucleus as

potentially useful approaches to alleviating sleep fragmentation in

older adults with and without Alzheimer’s disease.
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