
睡眠不足による健康破壊

滋賀県立総合病院研究所 

遺伝子研究部門 

木下　和生

© Sayaka Gohda, 2019

1

黄帝内経

• 2200年前、中国の医学書。 

• ユネスコ「世界の記憶」Memory of the World 

• 黄帝が質問し、医学者がそれに答える形式ではじ
まる

こうていだいけい
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黄帝内経
• Q「古代の人は皆100歳を越え、し
かも、動作衰えずだったのに、今
の人は50歳で動作に衰えがあるの
はどうしてか？」 

• A「今の人は生活がなってません。
日常的に酒に酔って、色に耽り、
快楽を求めるばかり。生きる喜び
に逆らい、不規則な生活を送る、
だから50歳で衰えるのですよ！」

乃
問
於
天
師
曰
『
余
聞
上
古
之
人
，
春
秋
皆
度
百
歲
，
而
動
作
不
衰
。

今
時
之
人
，
年
半
百
而
動
作
皆
衰
者
，
時
世
異
耶
？
人
將
失
之
耶
？
』 

岐
伯
對
曰
『
上
古
之
人
，
其
知
道
者
，
法
於
陰
陽
，
和
於
術
數
，
食
飲

有
節
，
起
居
有
常
，
不
妄
作
勞
，
故
能
形
與
神
俱
，
而
盡
終
其
天
年
，

度
百
歲
乃
去
。
今
時
之
人
不
然
也
，
以
酒
為
漿
，
以
妄
為
常
，
醉
以
入

房
，
以
欲
竭
其
精
，
以
耗
散
其
真
，
不
知
持
滿
，
不
時
禦
神
，
務
快
其

心
。
逆
於
生
樂
，
起
居
無
節
，
故
半
百
而
衰
也
。
』

こうていだいけい
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黄帝内経

•天人合一 
• 天体の動きに合わせて生きましょう【生命進化】 

• 日の出、日没の周期【地球の自転】 

• 四季の移り変わり【地球の公転】

こうていだいけい
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日本と他国の平均睡眠時間

OECD Gender Data Portal 2019
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睡眠とがん

• 乳癌：夜勤をする看護師は発症しやすい（最大2.5倍）
European Journal of Epidemiology 33:369 (2018) 

• 大腸癌：１５年以上夜勤を続ける看護師は発症しやす
い傾向にある　Int. J. Cancer 143:2709 (2018) 

• 前立腺癌：夜勤をする男性は２倍発症しやすい 
Scand J Work Environ Health 43:560 (2017)
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睡眠とがん

• 動物実験（マウス）Neuroimmunomodulation 25:59 (2018) 

• 睡眠を1日6時間に制限。 

• 2日後にはすでにNK細胞、T細胞が半減。 

• 移植がん細胞の肺転移が増加。 

• WHO 2019年6月、夜勤には発がん性の可能性あり 
Lancet 20:1058 (2019)
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                                                                                                                                                         5 July 2019 
 

IARC Monographs Meeting 124: Night Shift Work (4–11 June 2019) 
 

Questions and Answers 
 
For Volume 124 of the IARC Monographs on the Identification of Carcinogenic Hazards to Humans, the 
Working Group was tasked with evaluating shift work that involves circadian disruption, which includes 
both working at night and working in a job that involves rapidly crossing many time zones (e.g. as part of 
an airplane cockpit or cabin crew). 
 
The Working Group defined night shift work as work, including transmeridian air travel, during the regular 
sleeping hours of the general population. A brief summary of the results of the IARC Monographs 
evaluation has been published in The Lancet Oncology. 
 
What is the result of the evaluation? 

The Volume 124 meeting has ended, and the final conclusion is that night shift work is probably 
carcinogenic to humans (Group 2A). 
 
There is limited evidence in humans for the carcinogenicity of night shift work. Positive associations have 
been observed between night shift work and cancers of the breast, prostate, colon, and rectum. There is 
sufficient evidence in experimental animals for the carcinogenicity of alteration in the light–dark schedule. 
There is also strong mechanistic evidence in experimental systems, based on evidence of effects 
consistent with immunosuppression, chronic inflammation, and cell proliferation. 
 
What does this evaluation mean? 

The classification indicates the strength of the evidence that a substance or agent causes cancer. The 
IARC Monographs programme seeks to identify cancer hazards, meaning the potential for the exposure to 
cause cancer. However, it does not indicate the level of cancer risk associated with exposure at different 
levels. The cancer risk associated with substances or agents that are assigned the same classification 
may be very different, depending on factors such as the type and extent of exposure and the size of the 
effect of the agent at a given exposure level. 
 
A classification in Group 2A means that the agent is probably carcinogenic to humans. This category is 
used when there is limited evidence of carcinogenicity in humans and sufficient evidence of 
carcinogenicity in experimental animals. Limited evidence means that a positive association has been 
observed between exposure to the agent and cancer but that other explanations for the observations 
(technically termed chance, bias, or confounding) could not be ruled out. 
 
What type of exposure is involved? 

Exposure to night shift work (including transmeridian air travel) is widespread. It has been estimated that 
about 20% of workers in North America, Europe, and elsewhere are employed outside the standard 
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睡眠と動脈硬化
睡眠不足

ハイポクレチン 
(覚醒ホルモン）

好中球からのCSF1 
(増殖因子)

マクロファージ

動脈硬化

LETTERRESEARCH

pre-neutrophils as GFP+ and thus able to express the receptor (Fig. 3c 
and Extended Data Fig. 9b).

The observation that bone marrow CXCR4+CXCR2− pre-neutrophils  
expressed Hcrtr1 was notable, because these cells reside in close pro-
ximity to haematopoietic progenitors28. Moreover, neutrophils produce 
substantial amounts of colony stimulating factor-1 (CSF1), which pro-
motes bone marrow myeloid-biased haematopoiesis30 (Fig. 3d). In part  
because pre-neutrophils sorted from wild-type mice expressed less  
Csf1 compared to mature neutrophils (Fig. 3e), we tested whether hypo-
cretin can control haematopoiesis through HCRTR1+ pre-neutrophil- 
derived CSF1. In vitro, hypocretin limited the capacity of pre-neutrophils  
to produce CSF1 in response to lipopolysaccharides (Fig. 3f and 
Extended Data Fig. 9c). Ex vivo, pre-neutrophils and neutrophils 
sorted from Hcrt−/− mice contained more Csf1 mRNA and secreted 
more CSF1 protein than cells sorted from wild-type mice (Fig. 3g and 
Extended Data Fig. 9d). In vivo, we found increased levels of CSF1 in 
the bone marrow of Hcrt−/− mice and Apoe−/− mice subjected to sleep 
fragmentation (Fig. 3h). Indeed, sleep fragmentation increased bone 
marrow CSF1 production without substantially changing the expres-
sion of other growth factors (Extended Data Fig. 9e).

Because bone marrow non-haematopoietic cells do not express 
HCRTR1 (Fig. 3a) but produce CSF1 (Fig. 3d), we asked whether 
hypocretin-mediated control of leukocyte-derived CSF1 is important. 
First, we lethally irradiated wild-type mice and transplanted them 
with bone marrow cells from either wild-type or Hcrtr1-knockout 
reporter (Hcrtr1GFP/GFP) mice. Chimaeras with Hcrtr1GFP/GFP bone 
marrow developed monocytosis (Fig. 3i), along with an increased 
number of LSK cells, increased proliferation of LSK cells (Fig. 3j) 
and increased levels of CSF1 in the bone marrow (Fig. 3k). Second, 
we transplanted Ldlr−/− mice with Hcrtr1GFP/GFP bone marrow and 
noted augmented atherosclerosis (Fig. 3l). Third, we lethally irradiated 
wild-type or Hcrt−/− mice and transplanted them with bone marrow 
cells from either wild-type or Csf1−/− mice (Extended Data Fig. 10a). 
As expected, wild-type mice had relatively few Ly-6Chigh monocytes 
regardless of bone marrow source. However, whereas Hcrt−/− mice 
reconstituted with wild-type bone marrow cells developed leukocy-
tosis, Hcrt−/− mice reconstituted with Csf1−/− bone marrow cells had 
relatively few Ly-6Chigh monocytes, limited haematopoietic progeni-
tors and proliferation, and reduced concentrations of CSF1 (Extended 
Data Fig. 10b–f). Notably, neutrophil numbers remained high in 
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Fig. 4 | Haematopoietic CSF1 deletion or hypocretin supplementation 
protects against sleep fragmentation-induced haematopoiesis and 
atherosclerosis. a, Schematic of chimeric Ldlr−/− mice with wild-
type or Csf1−/− haematopoietic cells subjected to sleep fragmentation. 
b, Quantification of blood Ly-6Chigh monocytes in chimeric mice 
(n = 5 Ldlr−/−;bmWT mice; n = 6 Ldlr−/−;bmWT SF mice; n = 6 
Ldlr−/−;bmCsf1−/− mice; n = 5 Ldlr−/−;bmCsf1−/− SF mice).  
c, Quantification of bone marrow LSK cells and BrdU incorporation 
in chimeric mice (for LSK cells per leg, n = 5 Ldlr−/−;bmWT mice; 
n = 6 Ldlr−/−;bmWT SF mice; n = 6 Ldlr−/−;bmCsf1−/− mice; n = 5 
Ldlr−/−;bmCsf1−/− SF mice; for proliferation assays, n = 4 Ldlr−/−;bmWT 
mice; n = 6 Ldlr−/−;bmWT SF mice; n = 6 Ldlr−/−;bmCsf1−/− mice; 
n = 5 Ldlr−/−;bmCsf1−/− SF mice). d, Concentration of CSF1 in 
the bone marrow of chimeric mice (n = 4 Ldlr−/−;bmWT mice; 
n = 4 Ldlr−/−;bmWT SF mice; n = 5 Ldlr−/−;bmCsf1−/− mice; n = 4 
Ldlr−/−;bmCsf1−/− SF mice). e, Images of cross-sections of aortic roots 
stained with oil red O and assessment of atherosclerosis in chimeric 
mice after 16 weeks of high-cholesterol diet (n = 5 Ldlr−/−;bmWT mice; 
n = 6 Ldlr−/−;bmWT SF mice; n = 6 Ldlr−/−;bmCsf1−/− mice; n = 6 

Ldlr−/−;bmCsf1−/− SF mice). f, Schematic of mice subjected to 16 weeks 
of sleep fragmentation that received HCRT-1 or saline through osmotic 
mini-pumps. g, Quantification of blood Ly-6Chigh monocytes and 
neutrophils (n = 5 Apoe−/− mice; n = 5 Apoe−/− SF mice; n = 7 Apoe−/− 
mice treated with HCRT-1; n = 9 Apoe−/− SF mice treated with HCRT-1). 
h, LSK cells and BrdU incorporation in the bone marrow of SF mice with 
HCRT-1 supplementation (n = 5 Apoe−/− mice; n = 4 Apoe−/− SF mice; 
n = 7 Apoe−/− mice treated with HCRT-1; n = 9 Apoe−/− SF mice treated 
with HCRT-1). i, Bone marrow CSF1 levels (n = 4 Apoe−/− mice; n = 3 
Apoe−/− SF mice; n = 3 Apoe−/− mice treated with HCRT-1; n = 4 Apoe−/− 
SF mice treated with HCRT-1). j, Images of cross-sections of aortic roots 
stained with oil red O and quantification of atherosclerotic lesion areas 
(n = 6 Apoe−/− mice; n = 8 Apoe−/− SF mice; n = 7 Apoe−/− mice treated 
with HCRT-1; n = 9 Apoe−/− SF mice treated with HCRT-1). k, Model 
of the role of sleep in regulating hypocretin production, haematopoiesis 
and atherosclerosis. The illustration was modified from Servier Medical 
Art (http://smart.servier.com/), licensed under a Creative Common 
Attribution 3.0 Generic License. Data are mean ± s.e.m., *P < 0.05, 
**P < 0.01, ***P < 0.001, one-way ANOVA.
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Sleep modulates haematopoiesis and protects 
against atherosclerosis
Cameron S. McAlpine1, Máté G. Kiss1,2,3, Sara Rattik1, Shun He1, Anne Vassalli4, Colin Valet1, Atsushi Anzai1,  
Christopher T. Chan1, John E. Mindur1, Florian Kahles1, Wolfram C. Poller1, Vanessa Frodermann1, Ashley M. Fenn1,  
Annemijn F. Gregory1, Lennard Halle1, Yoshiko Iwamoto1, Friedrich F. Hoyer1, Christoph J. Binder2,3, Peter Libby5, Mehdi Tafti4, 
Thomas E. Scammell6, Matthias Nahrendorf1,7 & Filip K. Swirski1,7*

Sleep is integral to life1. Although insufficient or disrupted 
sleep increases the risk of multiple pathological conditions, 
including cardiovascular disease2, we know little about the 
cellular and molecular mechanisms by which sleep maintains 
cardiovascular health. Here we report that sleep regulates 
haematopoiesis and protects against atherosclerosis in mice. We 
show that mice subjected to sleep fragmentation produce more 
Ly-6Chigh monocytes, develop larger atherosclerotic lesions and 
produce less hypocretin—a stimulatory and wake-promoting 
neuropeptide—in the lateral hypothalamus. Hypocretin controls 
myelopoiesis by restricting the production of CSF1 by hypocretin-
receptor-expressing pre-neutrophils in the bone marrow. Whereas 
hypocretin-null and haematopoietic hypocretin-receptor-null 
mice develop monocytosis and accelerated atherosclerosis, sleep-
fragmented mice with either haematopoietic CSF1 deficiency or 
hypocretin supplementation have reduced numbers of circulating 
monocytes and smaller atherosclerotic lesions. Together, 
these results identify a neuro-immune axis that links sleep to 
haematopoiesis and atherosclerosis.

Poor or insufficient sleep is an increasingly important public  
health issue3, as nearly half of adults in the United States sleep fewer 
than the recommended seven to eight hours per day4. Lack of sleep 
increases risk of obesity5, diabetes6, cancer7 and cardiovascular dis-
ease2, but we know little about the underlying mechanisms that link 
sleep to disease.

To investigate how sleep might protect against cardiovascular dis-
ease, we subjected atherosclerosis-prone Apoe−/− mice to chronic 
sleep fragmentation (SF)8 (Extended Data Fig. 1a and Supplementary 
Video 1). We found no changes in body weight, plasma cholesterol 
or glucose tolerance (Extended Data Fig. 1b–e); however, mice devel-
oped progressively larger atherosclerotic lesions compared to controls 
(Fig. 1a and Extended Data Fig. 1f–h). Not only did lesion volume 
increase in SF mice (Fig. 1b), but aortas from SF mice contained more 
Ly-6Chigh monocytes, neutrophils and macrophages (Fig. 1c); a change 
that did not result from increased proliferation of aortic macrophages 
(Extended Data Fig. 1i).

Leukocytosis is predictive of cardiovascular disease9. Although 
myeloid cell numbers in the blood of mice fluctuated according to a 
circadian pattern with a peak at zeitgeber time (ZT)5 and a nadir at 
ZT14 (Fig. 1d), mice subjected to sleep fragmentation had significantly 
more circulating Ly-6Chigh monocytes and neutrophils during the light 
period. Rhythmicity analysis revealed that the circadian amplitude was 
increased (0.7 ± 0.16 × 105 compared to 1.5 ± 0.15 × 105, in con-
trol and SF mice, respectively, P = 0.02, for Ly-6Chigh monocytes and 
3.6 ± 0.17 × 105 compared to 5.1 ± 0.11 × 105, in control and SF mice, 
respectively, P = 0.13, for neutrophils), but the period and phase were 
unaltered. Sleep fragmentation did not change lymphocyte numbers 

(Extended Data Fig. 1j–l). To understand the influence of sleep on cir-
cadian leukocyte migration to tissues10,11, we profiled leukocytes in 
various organs at ZT3 and ZT14. Both control and SF mice had elevated 
Ly-6Chigh monocyte and neutrophil levels in various tissues during the 
dark period, and these increases were higher in SF mice (Extended Data 
Fig. 2). These observations align with human studies that have linked 
sleep curtailment or interruption with leukocyte numbers12,13.

Next, we focused on haematopoiesis. In Apoe−/− mice, sleep frag-
mentation increased proliferation of lineage (Lin)−Kit+Sca1+ (LSK) 
haematopoietic progenitors in the bone marrow, and this increase 
corresponded to an approximately twofold-higher number of bone 
marrow LSK cells (Fig. 1e) and other progenitor subsets (Extended 
Data Fig. 3a). The spleens of SF mice contained more LSK cells and 
granulocyte–macrophage progenitors, which indicates heightened 
extramedullary haematopoiesis (Extended Data Fig. 3b). Sleep frag-
mentation promoted myelopoiesis not only in Apoe−/− mice that were 
fed a high-fat diet, but also in C57BL/6 mice fed a chow diet (Extended 
Data Fig. 3c). Together, these data show that sleep fragmentation boosts 
myeloid-biased haematopoiesis.

Mice subjected to sleep fragmentation had normal bone structure 
(Extended Data Fig. 4a, b) and leukocytosis persisted even after pro-
longed treatment with antibiotics (Extended Data Fig. 4c), suggesting 
that enhanced myelopoiesis was not driven by either physical alter-
ations to the bone or the microbiome, respectively. Because stress 
activates the sympathetic nervous system, which can heighten hae-
matopoiesis14, we wondered whether sleep-fragmentation-induced 
myelopoiesis similarly depended on activation of the sympathetic nerv-
ous system, but found no evidence for such a mechanism (Extended 
Data Fig. 5a–d). Nevertheless, SF mice were more anxious (Extended 
Data Fig. 5e–g), which demonstrates that mice do not easily habituate 
to sleep fragmentation.

We then focused on the hypothalamus and, specifically, on expres-
sion of transcripts that encode sleep-regulating proteins (Extended 
Data Fig. 5h–j). Sleep fragmentation decreased expression of hypo-
cretin (Hcrt, also known as orexin) in the hypothalamus (Fig. 1f–h), 
correlating with reduced levels of the isoform hypocretin-1 in plasma 
and bone marrow (Fig. 1i). Hypothalamic hypocretin reduced gradu-
ally and correlated inversely with leukocytosis (Extended Data Fig. 6a).  
We did not see alterations in dynorphin, a co-transmitter of hypocretin15  
(Extended Data Fig. 6b–e) or any evidence for death of hypocretin- 
producing neurons (Extended Data Fig. 6f), which suggests that  
specific repression of hypocretin occurred, potentially mediated by 
neuropeptide Y16 (Extended Data Fig. 5h). Furthermore, sleep recov-
ery following sleep fragmentation restored hypothalamic hypocretin 
content and normalized myelopoiesis (Extended Data Fig. 6g–i). These 
data intrigued us, because hypocretin mediates metabolism, sleep and 
appetite17, and autoimmune destruction of hypocretin neurons causes 

1Center for Systems Biology, Massachusetts General Hospital and Harvard Medical School, Boston, MA, USA. 2Department of Laboratory Medicine, Medical University of Vienna, Vienna, Austria. 
3CeMM Research Center for Molecular Medicine of the Austrian Academy of Sciences, Vienna, Austria. 4Department of Physiology, Faculty of Biology and Medicine, University of Lausanne, 
Lausanne, Switzerland. 5Cardiovascular Division, Department of Medicine, Brigham and Women’s Hospital, Boston, MA, USA. 6Department of Neurology, Beth Israel Deaconess Medical Center, 
Boston, MA, USA. 7Department of Radiology, Massachusetts General Hospital and Harvard Medical School, Boston, MA, USA. *e-mail: fswirski@mgh.harvard.edu
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睡眠と糖尿病

pooled results of the remaining studies
were borderline (1.09 [0.99–1.12]) by
omission of the study by Tuomilehto
et al. (18) for long sleep duration and
risk of type 2 diabetes (Supplementary
Fig. 3).

Assessment of Publication Bias
Begg and Egger regression tests pro-
vided no evidence of substantial publi-
cation bias (P . 0.05 for both tests).

CONCLUSIONS

In this meta-analysis of prospective
studies, we found that the association
between sleep duration and risk of
type 2 diabetes followed a U-shaped
manner; both short and long sleep du-
ration were associated with a signifi-
cantly elevated risk of type 2 diabetes.
Compared with 7 h per day, an hour de-
crease was associated with a 9% and an
hour increase of sleep duration was as-
sociated with a 14% increased risk of di-
abetes in the overall population.

Results in Relation to Other Studies
There has been some debate about the
relationship between sleep duration
and type 2 diabetes, and the results of
published epidemiologic studies have
been inconsistent (31). One possible rea-
son is that categories of sleep duration
differed across studies. For example, the
definitions of short sleepduration ranged
from#5 to#7 h per day (10,21,29). Con-
sistent with our results, a previous meta-
analysis indicated both short and long

sleep duration were associated with an
increased risk of type 2 diabetes, but they
did not use a dose-response analysis to
determine the overall shape of the asso-
ciation (12). In our analysis, we found a
U-shaped association between sleep du-
ration and risk of type 2 diabetes, with
the lowest risk of type 2 diabetes at a
sleep duration of 7–8 h per day in our
analysis, which could contribute to rec-
ommendations regarding appropriate
sleep duration for future intervention
studies. A recent study has shown that
both habitual short and long sleep dura-
tion were indicated to be associated with
risk of obesity in younger (,40 years) but
not in older women (.40 years) (32).
However, the U-shaped association was
still observed when we restricted to the
studies that were conducted in subjects
older than 40 years. Furthermore, racial/
ethnic and sex differences have been re-
ported in the risk of type 2 diabetes by
sleep duration (10,11), but we could not
investigate these differences due to lim-
ited data from the original studies.

Potential mechanisms linking sleep to
diabetes may differ between short and
long sleep. Several potential biologic
mechanisms may contribute to the
relation of short sleep duration and di-
abetes. First, laboratory studies have
corroborated and extended the de-
creases in glucose tolerance and insulin
sensitivity after sleep restriction, as
shown by increased hepatic glucose pro-
duction and reduced peripheral glucose

disposal (33–37). A recent research in-
dicated that slow wave sleep suppres-
sion but not rapid eye movement sleep
disturbance during nocturnal sleep
plays a key role in the regulation of glu-
cose (38). Changes in the activity of neu-
roendocrine systems seem to be major
mediators of the detrimental metabolic
effects of insufficient sleep (31). In-
creased sympathetic nerve activity may
result in reduced b-cell responsiveness
and inadequate pancreatic insulin secre-
tion (33,39), while increased uptake of
glucose by total sleep– or slow wave
sleep–deprived brain could result in in-
creased circulating levels of glucose and
postprandial insulin-to-glucose ratio
(38). Both inadequate insulin and en-
hanced glucose could lead to the devel-
opment of insulin resistance and type 2
diabetes. Meanwhile, sleep disruption
during the night is associated with de-
creased testosterone and melatonin se-
cretion, and it was possible that sleep
disruption was related to diabetes
via a mechanism of testosterone or mel-
atonin (40,41). However, a recent study
also found that restricting sleep could
result in an insulin-resistant state in hu-
man adipocytes through reduction of
phosphorylation of AKT, which indicated
that sleep might be an important regu-
lator of energymetabolism in peripheral
tissues (42). AKT signaling plays a central
role in insulin-stimulated glucose up-
take in both muscle and adipose tissue,
which was established in rat and human
studies (43,44). Reduced phosphoryla-
tion of AKT is linked to insulin resistance
through negative insulin receptor sub-
strate functions (45), reduced phospha-
tidylinositol 3-kinase (PI3K) activity (46),
and impaired phosphorylation of the
AKT substrate AS160 (47). Second, asso-
ciated with hunger/appetite and caloric
intake due to increases in ghrelin and
decreases in leptin, short sleep may
lead to greater time to eat as well as
fatigue leading to lower physical activity
levels, thereby increasing risk of weight
gain and subsequent health risks
(39,48). Meanwhile, short sleep dura-
tion was associated with depressive
symptoms, low socioeconomic status,
low education, and other risk factors of
diabetes (8,49). Individuals with sleep
loss, especially shift workers, also have
irregular sleep schedules, which could
result in circadian misalignment and
augment markers of insulin resistance

Figure 2—The relationship between sleep duration and risk of type 2 diabetes.
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The conservation of sleep across all animal species suggests that sleep serves a vital function.
We here report that sleep has a critical function in ensuring metabolic homeostasis. Using
real-time assessments of tetramethylammonium diffusion and two-photon imaging in live mice,
we show that natural sleep or anesthesia are associated with a 60% increase in the interstitial
space, resulting in a striking increase in convective exchange of cerebrospinal fluid with interstitial
fluid. In turn, convective fluxes of interstitial fluid increased the rate of b-amyloid clearance
during sleep. Thus, the restorative function of sleep may be a consequence of the enhanced
removal of potentially neurotoxic waste products that accumulate in the awake central nervous
system.

Despite decades of effort, one of the greatest
mysteries in biology is why sleep is re-
storative and, conversely, why lack of

sleep impairs brain function (1, 2). Sleep dep-
rivation reduces learning, impairs performance
in cognitive tests, prolongs reaction time, and is
a common cause of seizures (3, 4). In the most
extreme case, continuous sleep deprivation kills
rodents and flies within a period of days to weeks
(5, 6). In humans, fatal familial or sporadic in-
somnia is a progressively worsening state of
sleeplessness that leads to dementia and death
within months or years (7).

Proteins linked to neurodegenerative diseases,
including b-amyloid (Ab) (8),a-synuclein (9), and
tau (10), are present in the interstitial space
surrounding cells of the brain. In peripheral tissue,
lymph vessels return excess interstitial proteins to
the general circulation for degradation in the liver
(11). Yet despite its high metabolic rate and the
fragility of neurons to toxic waste products, the
brain lacks a conventional lymphatic system. In-
stead, cerebrospinal fluid (CSF) recirculates
through the brain, interchanging with interstitial
fluid (ISF) and removing interstitial proteins,
including Ab (12, 13). The convective exchange
of CSF and ISF is organized around the cerebral
vasculature, with CSF influx around arteries,
whereas ISF exits along veins. These pathways
were named the glymphatic system on the basis
of their dependence on astrocytic aquaporin-4
(AQP4) water channels and the adoption of
functions homologous to peripheral lymphatic
removal of interstitial metabolic byproducts (14).
Deletion of AQP4 channels reduces clearance of
exogenous Ab by 65%, suggesting that convec-
tive movement of ISF is a substantial contributor

to the removal of interstitial waste products and
other products of cellular activity (12). The in-
terstitial concentration of Ab is higher in awake
than in sleeping rodents and humans, possibly
indicating that wakefulness is associated with
increased Ab production (15, 16). We tested the
alternative hypothesis thatAb clearance is increased
during sleep and that the sleep-wake cycle reg-
ulates glymphatic clearance.

We used in vivo two-photon imaging to com-
pare CSF influx into the cortex of awake, anes-
thetized, and sleeping mice. The fluorescent
tracers were infused into the subarachnoid CSF
via a cannula implanted in the cisterna magna
for real-time assessment of CSF tracer movement.
Electrocorticography (ECoG) and electromyogra-
phy (EMG) were recorded in order to continuous-
ly monitor the state of brain activity (Fig. 1A and
fig. S1). In initial experiments, the volume and rate
of tracer infusion were adjusted so as to avoid
changes in behavior state or ECoG (fig. S1). Be-
cause mice sleep much of the day, a small mo-
lecular weight tracer, fluorescein isothiocyanate
(FITC)–dextran (3 kD) in aCSF, was infused at
midday (12 to 2 p.m.) via the cannula implanted
in the cisterna magna. In sleeping mice, a robust
influx of the fluorescent CSF tracer was noted
along periarterial spaces, in the subpial regions,
and in the brain parenchyma similar to previous
findings in anesthetized mice (Fig. 1, B and C,
and fig. S2) (12). ECoG power spectrum analysis
depicted a relatively high power of slow waves
that is consistent with sleep (Fig. 1D). CSF tracer
infusion (Texas red-dextran, 3 kD) was repeated
in the same mouse after it was awakened through
gentle handling of its tail. Unexpectedly, arousal
sharply reduced tracer influx compared with that
of the sleeping state. Periarterial and parenchy-
mal tracer influx was reduced by ~95% in awake
as comparedwith sleepingmice during the 30-min
imaging session (Fig. 1, B and C, and fig. S2).
ECoG showed a reduction in the relative prev-
alence of slow (delta) waves concomitant with a
significant increase in the power of fast activity,
confirming that the animals were awake (n = 6

mice, P < 0.05, paired t test) (Fig. 1D). To inves-
tigate whether the state of brain activity indeed
controlled CSF influx, we repeated the experi-
ments in a new cohort of mice in which all ex-
periments were performed when the animals were
awake (8 to 10 p.m.). Because mice normally do
not sleep at this time of day, we first evaluated
CSF tracer influx in the awake state by means of
intracisternal infusion of FITC-dextran. CSF tracer
influx into the brain was largely absent and only
slowly gained access to the superficial cortical
layers (Fig. 1, E and F, and fig. S2). After 30 min
imaging of CSF tracer in the awake state, the
animals were anesthetized with intraperitoneal
administration of ketamine/xylazine (KX). Texas
red-dextran was administered 15 min later, when
a stable increase in slow wave activity was noted
(Fig. 1, E and F). Texas red-dextran rapidly flushed
in along periarterial spaces and entered the
brain parenchyma at a rate comparable with that
of naturally sleeping mice (Fig. 1, B and E).
Ketamine/xylazine anesthesia significantly in-
creased influx of CSF tracer in all mice anal-
yzed [n= 6 mice, P < 0.05, two-way analysis of
variance (ANOVA) with Bonferroni test], which
was concomitant with a significant increase in the
power of slow wave activity (n= 6 mice, P < 0.05,
paired t test) (Fig. 1, G and F). Thus, glymphatic
CSF influx is sharply suppressed in conscious
alert mice as compared with naturally sleeping or
anesthetized littermates.

Influx of CSF is in part driven by arterial
pulse waves that propel the movement of CSF
inward along periarterial spaces (12). It is un-
likely that diurnal fluctuations in arterial pulsa-
tion are responsible for the marked suppression
of convective CSF fluxes during wakefulness be-
cause arterial blood pressure is higher during phys-
ical activity. An alternative possibility is that the
awake brain state is linked to a reduction in the
volume of the interstitial space because a con-
stricted interstitial space would increase resistance
to convective fluid movement and suppress CSF
influx. To assess the volume and tortuosity of the
interstitial space in awake versus sleeping mice,
we used the real-time iontophoretic tetramethyl-
ammonium (TMA) method in head-fixed mice
(Fig. 2A and fig. S3) (17, 18). TMA recordings in
cortex of sleeping mice collected at midday (12
to 2 p.m.) confirmed that the interstitial space
volume fraction (a) averaged 23.4 T 1.9% (n= 6
mice) (19). However, the interstitial volume frac-
tion was only 14.1 T 1.8% in awakemice recorded
at 8 to 10 p.m. (n= 4 mice, P < 0.01, t test) (Fig.
2B). Analysis of cortical ECoG recorded by the
TMA reference electrode confirmed that the power
of slow wave activity was higher in sleeping than
in awake mice, which is concurrent with a lower
power of high-frequency activity (Fig. 2C).

To further validate that the volume of the in-
terstitial space differed in awake versus sleeping
mice, we also obtained TMA recordings in awake
mice in the late evening (8 to 10 p.m.) and re-
peated the recordings in the same mice after ad-
ministration of ketamine/xylazine. This approach,
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The conservation of sleep across all animal species suggests that sleep serves a vital function.
We here report that sleep has a critical function in ensuring metabolic homeostasis. Using
real-time assessments of tetramethylammonium diffusion and two-photon imaging in live mice,
we show that natural sleep or anesthesia are associated with a 60% increase in the interstitial
space, resulting in a striking increase in convective exchange of cerebrospinal fluid with interstitial
fluid. In turn, convective fluxes of interstitial fluid increased the rate of b-amyloid clearance
during sleep. Thus, the restorative function of sleep may be a consequence of the enhanced
removal of potentially neurotoxic waste products that accumulate in the awake central nervous
system.

Despite decades of effort, one of the greatest
mysteries in biology is why sleep is re-
storative and, conversely, why lack of

sleep impairs brain function (1, 2). Sleep dep-
rivation reduces learning, impairs performance
in cognitive tests, prolongs reaction time, and is
a common cause of seizures (3, 4). In the most
extreme case, continuous sleep deprivation kills
rodents and flies within a period of days to weeks
(5, 6). In humans, fatal familial or sporadic in-
somnia is a progressively worsening state of
sleeplessness that leads to dementia and death
within months or years (7).

Proteins linked to neurodegenerative diseases,
including b-amyloid (Ab) (8),a-synuclein (9), and
tau (10), are present in the interstitial space
surrounding cells of the brain. In peripheral tissue,
lymph vessels return excess interstitial proteins to
the general circulation for degradation in the liver
(11). Yet despite its high metabolic rate and the
fragility of neurons to toxic waste products, the
brain lacks a conventional lymphatic system. In-
stead, cerebrospinal fluid (CSF) recirculates
through the brain, interchanging with interstitial
fluid (ISF) and removing interstitial proteins,
including Ab (12, 13). The convective exchange
of CSF and ISF is organized around the cerebral
vasculature, with CSF influx around arteries,
whereas ISF exits along veins. These pathways
were named the glymphatic system on the basis
of their dependence on astrocytic aquaporin-4
(AQP4) water channels and the adoption of
functions homologous to peripheral lymphatic
removal of interstitial metabolic byproducts (14).
Deletion of AQP4 channels reduces clearance of
exogenous Ab by 65%, suggesting that convec-
tive movement of ISF is a substantial contributor

to the removal of interstitial waste products and
other products of cellular activity (12). The in-
terstitial concentration of Ab is higher in awake
than in sleeping rodents and humans, possibly
indicating that wakefulness is associated with
increased Ab production (15, 16). We tested the
alternative hypothesis thatAb clearance is increased
during sleep and that the sleep-wake cycle reg-
ulates glymphatic clearance.

We used in vivo two-photon imaging to com-
pare CSF influx into the cortex of awake, anes-
thetized, and sleeping mice. The fluorescent
tracers were infused into the subarachnoid CSF
via a cannula implanted in the cisterna magna
for real-time assessment of CSF tracer movement.
Electrocorticography (ECoG) and electromyogra-
phy (EMG) were recorded in order to continuous-
ly monitor the state of brain activity (Fig. 1A and
fig. S1). In initial experiments, the volume and rate
of tracer infusion were adjusted so as to avoid
changes in behavior state or ECoG (fig. S1). Be-
cause mice sleep much of the day, a small mo-
lecular weight tracer, fluorescein isothiocyanate
(FITC)–dextran (3 kD) in aCSF, was infused at
midday (12 to 2 p.m.) via the cannula implanted
in the cisterna magna. In sleeping mice, a robust
influx of the fluorescent CSF tracer was noted
along periarterial spaces, in the subpial regions,
and in the brain parenchyma similar to previous
findings in anesthetized mice (Fig. 1, B and C,
and fig. S2) (12). ECoG power spectrum analysis
depicted a relatively high power of slow waves
that is consistent with sleep (Fig. 1D). CSF tracer
infusion (Texas red-dextran, 3 kD) was repeated
in the same mouse after it was awakened through
gentle handling of its tail. Unexpectedly, arousal
sharply reduced tracer influx compared with that
of the sleeping state. Periarterial and parenchy-
mal tracer influx was reduced by ~95% in awake
as comparedwith sleepingmice during the 30-min
imaging session (Fig. 1, B and C, and fig. S2).
ECoG showed a reduction in the relative prev-
alence of slow (delta) waves concomitant with a
significant increase in the power of fast activity,
confirming that the animals were awake (n = 6

mice, P < 0.05, paired t test) (Fig. 1D). To inves-
tigate whether the state of brain activity indeed
controlled CSF influx, we repeated the experi-
ments in a new cohort of mice in which all ex-
periments were performed when the animals were
awake (8 to 10 p.m.). Because mice normally do
not sleep at this time of day, we first evaluated
CSF tracer influx in the awake state by means of
intracisternal infusion of FITC-dextran. CSF tracer
influx into the brain was largely absent and only
slowly gained access to the superficial cortical
layers (Fig. 1, E and F, and fig. S2). After 30 min
imaging of CSF tracer in the awake state, the
animals were anesthetized with intraperitoneal
administration of ketamine/xylazine (KX). Texas
red-dextran was administered 15 min later, when
a stable increase in slow wave activity was noted
(Fig. 1, E and F). Texas red-dextran rapidly flushed
in along periarterial spaces and entered the
brain parenchyma at a rate comparable with that
of naturally sleeping mice (Fig. 1, B and E).
Ketamine/xylazine anesthesia significantly in-
creased influx of CSF tracer in all mice anal-
yzed [n= 6 mice, P < 0.05, two-way analysis of
variance (ANOVA) with Bonferroni test], which
was concomitant with a significant increase in the
power of slow wave activity (n= 6 mice, P < 0.05,
paired t test) (Fig. 1, G and F). Thus, glymphatic
CSF influx is sharply suppressed in conscious
alert mice as compared with naturally sleeping or
anesthetized littermates.

Influx of CSF is in part driven by arterial
pulse waves that propel the movement of CSF
inward along periarterial spaces (12). It is un-
likely that diurnal fluctuations in arterial pulsa-
tion are responsible for the marked suppression
of convective CSF fluxes during wakefulness be-
cause arterial blood pressure is higher during phys-
ical activity. An alternative possibility is that the
awake brain state is linked to a reduction in the
volume of the interstitial space because a con-
stricted interstitial space would increase resistance
to convective fluid movement and suppress CSF
influx. To assess the volume and tortuosity of the
interstitial space in awake versus sleeping mice,
we used the real-time iontophoretic tetramethyl-
ammonium (TMA) method in head-fixed mice
(Fig. 2A and fig. S3) (17, 18). TMA recordings in
cortex of sleeping mice collected at midday (12
to 2 p.m.) confirmed that the interstitial space
volume fraction (a) averaged 23.4 T 1.9% (n= 6
mice) (19). However, the interstitial volume frac-
tion was only 14.1 T 1.8% in awakemice recorded
at 8 to 10 p.m. (n= 4 mice, P < 0.01, t test) (Fig.
2B). Analysis of cortical ECoG recorded by the
TMA reference electrode confirmed that the power
of slow wave activity was higher in sleeping than
in awake mice, which is concurrent with a lower
power of high-frequency activity (Fig. 2C).

To further validate that the volume of the in-
terstitial space differed in awake versus sleeping
mice, we also obtained TMA recordings in awake
mice in the late evening (8 to 10 p.m.) and re-
peated the recordings in the same mice after ad-
ministration of ketamine/xylazine. This approach,
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睡眠不足による注意力低下

• 22時間の覚醒は飲酒運転で捕まる状態に匹敵 

• 29時間勤務の研修医、診断ミス5.6倍、重大な
エラー1.4倍 

• 睡眠6時間以下の外科医、ミス2.7倍
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We are suffering a global sleep-loss epidemic. The health consequences within an individual are well char-
acterized. But does society suffer just as much? Here, I discuss how insufficient sleep erodes our societal
fabric as much as it does our biological fabric, and offer some prescriptive remedies.

Background
Did you get enough sleep this past week?
Can you recall the last time you woke
up feeling refreshed, full energy, not
needing caffeine? If the answer is, ‘‘no,’’
you are not alone. In 1942, a survey
indicated that the average adult was
sleeping 7 h and 55 min a night. Now,
that number is 6 h and 31 min in the
U.S., 6 h and 49 min in the UK, and 6 h
22 min in Japan. Based on the decline of
sleep across the past 100 years, the
Centre for Disease Control (CDC) has
stated that a sleep-loss epidemic exists
in most industrialized nations (Center for
Disease Control, 2015).
The biological and health conse-

quences of this global sleep-loss crisis
are well characterized. Experimental,
clinical and epidemiological studies over
the past 70 years have described a
constellation of brain and body impair-
ments suffered by an individual when
sleep gets short (Walker, 2017). Yet these
studies speak to the impact of sleep
loss within an individual. Far less
discussed, however, is the impact of
sleep loss upon society. In this brief
NeuroView, I aim to describe some of
the societal harm caused by our chronic
state of insufficient sleep, using several
of many potential exemplars.

Sleep and Education
In a response against ever earlier start
times, some school districts in developed
nations have pushed the beginning of
classes to a later time, allowing students
to sleep more. These interventions have
consistently shown that children and
teenagers obtain more sleep, academic
grades increase, class-withdrawal rates
decrease, and truancy rates decrease.

Supporting the intimate relationship be-
tween sleep and mental health, delayed
school start times further decrease
behavioral problems, while psychological
and psychiatric referrals also decrease.
Yet something else happened in

this story of later school star times,
something we did not necessarily antici-
pate. The life expectancy of students
increased. The leading cause of death
among late-stage teenagers in developed
nations is road traffic accidents (with
suicide second). Here, sleep matters
considerably.
When Teton County in Wyoming,

USA, shifted school start times from a
7:35 a.m. to a more biologically reason-
able one of 8:55 a.m., there was a 70
percent reduction in traffic accidents
in sixteen- to eighteen-year-old drivers
that following year (Figure 1A). To place
that in context, the advent of anti-lock
brake technology, or ABS—which pre-
vents the wheels of a car from seizing up
under hard braking, allowing the driver
to still maneuver the vehicle—reduced
accident rates by around 20 to 25
percent. It was deemed a revolution.
Here is a simple biological factor—suffi-
cient sleep—that will drop accident rates
by more than double that amount in our
teens (Walker, 2017). Indeed, we see the
same relationship between sleep loss
and road traffic accidents in adults,
with car-crash risk scaling exponentially
with decreasing sleep amount (Figure 1B)
Stated succinctly: when sleep is abun-

dant, young minds flourish. When it is
deficient, they do not.

Sleep and Business
Beyond education, another example of
sleep’s essential role in society concerns

business and the workplace. Less sleep
predicts lower work rates and slower
completion speed of basic tasks in un-
der-slept employees. That is, sleepy em-
ployees are unproductive employees
(Walker, 2017).

Sleep-deprived individuals also
generate fewer and less accurate solu-
tions to problems they are challenged
with. In addition, employees who ob-
tained less sleep consistently select
less-challenging problems. They opt for
the easy way out. These employees also
generate fewer creative work solutions
for those problems they do take on
(Walker, 2017). Such evidence is counter-
factual to the typical business mentality in
which we often overvalue employees that
undervalue sleep.

The often-enforced practice of less
sleep and longer work hours is perhaps
puzzling considering how sensible the
professional world is regarding other
areas of employee health, safety, and
conduct. Innumerable policies exist within
the workplace regarding smoking, sub-
stance abuse, ethical behavior, and injury
and disease prevention. But insufficient
sleep—another physically and mentally
harmful and potentially deadly factor—is
commonly tolerated and even woefully
encouraged.

It is not only employees who suffer.
Examine the effects of sleep deficiency
in CEOs and supervisors, and the story
is similarly clear. We often think that a
good or bad leader is good or bad day
after day—a stable trait. Not true. Differ-
ences in individual leadership perfor-
mance fluctuate considerably from one
day to the next. The amount of sleep
they are getting is one clear factor deter-
mining this fluctuation.

Neuron 103, August 21, 2019 ª 2019 Elsevier Inc. 559
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入院病棟の問題

• 検査による睡眠妨害 

• ピーピー騒がしい（特にICU） 

• 夜間も真っ暗にならない（特にNICU）
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percent reduction in traffic accidents
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まとめ
• 睡眠は健康に影響する 

• 8時間を目標に 

• 医療従事者の睡眠は大切 

• 病棟の睡眠環境に改善の余地あり 

• 夜更かしは同居家族にも伝染する 

• 不必要な情報は排除して脳を休ませよう！
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