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We have recently found that the temperature variability (TV) in the day–night cycle may 
predict the mean intracranial pressure in the following 24  h (ICP24) in subarachnoid 
hemorrhage (SAH) patients under multimodality monitoring, sedation, and hypothermia 
(<35°C). Specifically, we found that ICP24 = 6 (4 − TV) mmHg. TV is the ratio between 
the coefficient of variation of temperature during the nocturnal and the preceding 
diurnal periods. This result suggests that the circadian clock reflects brain plasticity 
mechanisms and its malfunctioning leads to deterioration of the neurologic status. The 
sleep–wake cycle is absent in these patients and their circadian clock can function 
properly only by environment light-independent mechanisms. One mechanism involves 
the circadian clock proteins named cryptochromes (CRYs). CRYs are highly preserved 
and widespread in the evolutionary tree, are expressed in different cell types in humans 
[type II CRYs, in two forms: human cryptochrome 1 and 2 (hCRY1 and hCRY2)], and in 
certain species, respond to blue light and play role in magnetoreception. Interestingly, 
SAH outcome seems to correlate with inflammation, and CRYs decrease inflammatory 
activity. Our hypothesis derived from these observations is that CRYs modulate the 
circadian oscillation of temperature even during therapeutic hypothermia and improve 
outcome in SAH through decrease in inflammation. A strategy to test this hypothesis is 
to measure periodically during the acute phase of high-grade SAH the level of CRYs in 
cerebrospinal fluid (CSF) and circulating white blood cells, and to correlate these levels 
with outcome, TV, ICP24, and pro- and anti-inflammatory markers in CSF and blood. 
If this hypothesis is true, the development of therapies targeting inflammation in SAH 
could take advantage of cryptochrome properties. It has been shown that blue light 
phototherapy increases the expression of CRYs in blood mononuclear cells in jaundiced 
neonates. Likewise, visual stimulus with flashing light improves Alzheimer’s disease fea-
tures in experimental model and there is a prominent expression of CRYs in the retina. 
Remarkably, recent evidence showed that hCRY2 responds to electromagnetic fields, 
which could be one elusive mechanism of action of transcranial magnetic stimulation 
and a reason for its use in SAH.

Keywords: cryptochromes, subarachnoid hemorrhage, inflammation, neurogenesis, circadian rhythm, intracranial 
pressure prediction, therapeutic hypothermia, targeted temperature management
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introdUCtion

Our previous work indicates that circadian rhythms are a primary 
factor to predict brain injury (1–6). First, we showed that the 
anterior hypothalamus displays a prominent expression of  
neurogenesis-related markers in adult humans (5, 6). The func-
tions of the anterior hypothalamus include circadian rhythm 
control and thermoregulation. Because of these features, 
we suspected that the monitoring of circadian oscillation of 
temperature could measure putative brain regeneration and 
plasticity mechanisms and, therefore, anticipate the intensity of 
brain injury. Following this rationale, we discovered that the ratio 
between the mean temperature during the sleep and the preced-
ing wake period correlates with the likelihood of seizure occur-
rence in the following 24 h in epileptic patients (1, 3). We have 
recently showed that this concept works even with high-grade 
subarachnoid hemorrhage (SAH) patients under sedation and 
therapeutic hypothermia induced by intravascular catheter (2). 
In this case, the ratio between the coefficient of variation of tem-
perature during the nocturnal and the preceding diurnal periods 
correlates with the mean intracranial pressure in the following 
24 h (ICP24) (2). Collectively, these findings open the possibility 
to reduce brain injury through circadian rhythm modulation.

Circadian rhythms may be modulated by interfering on the 
level of the clock proteins cryptochromes (CRYs). CRYs are 
evolutionarily old flavoproteins expressed in two types, in species 
ranging from plants to humans (7). Mammals display ubiquitous 
expression of type II CRYs (8, 9). In humans, there are two 
forms of type II CRYs, named human CRY1 (hCRY1) and CRY2 
(hCRY2) (8, 9). CRYs are highly expressed in the suprachiasmatic 
nucleus (10). The suprachiasmatic nucleus is the hypothalamus 
structure that orchestrates the circadian rhythms by the central 
nervous system. CRYs also interfere in the other mechanism 
of circadian rhythm control (peripheral mechanism), which 
includes immune system cells (7). Importantly, hCRY levels can 
be potentially modulated by blue light (11) and electromagnetic 
field (8), which are currently used in clinical practice.

HypotHesis

We hypothesize that the ratio between the level of expression of 
hCRYs during the nocturnal and the preceding diurnal periods 
(CRYn/d) correlates with inflammation and predicts neurologic 
signs in the following day–night cycle and long-term outcome 
in SAH.

rationaLe oF tHe HypotHesis

adult Human neurogenesis
The discovery of adult mammalian neurogenesis opened a novel 
perspective on brain plasticity and neuroregeneration therapies 
(4–6). The current prevailing concept that the adult mammalian 
brain harbors two primary neurogenic niches in the subgranular 
zone of the dentate gyrus and in the subventricular zone replaced 
the long-lasting dogma of no-new neurons after birth (4–6). 
Adult human neurogenesis is controversial, but we have previ-
ously shown that the adult human brain harbors what we referred 

to as potential neurogenic system (4–6). The potential neurogenic 
system was revealed by the detection of expression of neural stem 
cell markers in the circumventricular organs (4–6). The circum-
ventricular organs are the brain structures located principally in 
the hypothalamus that display no blood–brain barrier. Moreover, 
brain structures adjacent to the circumventricular organs, which 
form part of the hypothalamic and limbic system circuits, express 
the immature or newly formed neuron marker doublecortin 
(DCX) (5, 6). We interpreted these results as a potential consti-
tutive mechanism of neurogenesis that could participate in the 
maintenance of certain brain circuits and in their regeneration 
after injury. Next, we pursued a method to measure the effects of 
this potential plasticity mechanism in clinical practice.

Brain injury prediction through Circadian 
rhythm Monitoring
Presence of Sleep–Wake Cycle
Because the hypothalamus displays robust expression of 
neurogenesis-related markers and modulates circadian rhythms 
and temperature, we suspected that these functions parallel 
endogenous brain plasticity. Indeed, alterations in the hypothala-
mus-related functions anticipate worsening in neurologic status, 
maybe partially due to alterations in endogenous neurogenesis 
mechanisms. In practice, we found that the ratio between the 
mean skin temperature during sleep and the preceding wake 
period (Ts/w) correlates with the likelihood of seizure occurrence 
in the following 24 h in epileptic patients (1, 3). This method is 
non-invasive and involves the use of wristband with sensors of 
vital signs (1, 3). Importantly, skin temperature has been shown 
to be a reliable circadian rhythm marker (1, 3).

Absence of Sleep–Wake Cycle
A stronger indication that the circadian rhythm is a primary factor to 
predict brain injury is being unveiled by our ongoing research 
showing that the pattern of oscillation of core body temperature 
in the day–night cycle in high-grade SAH patients correlates 
with further intracranial pressure (2). The patients analyzed in 
this study underwent sedation and targeted temperature manage-
ment (33–33.9°C) using intravascular catheter. Circadian rhythm 
correlated with further neurologic signs even in this situation of 
decreased level of consciousness, lack of sleep–wake cycle, and 
strict temperature control. Specifically, the ratio between the 
coefficient of variation of the nocturnal (starting at 18:00) and 
the preceding diurnal periods (starting at 6:00) [temperature 
variability (TV)] correlated with ICP24 (p < 0.001). The formula 
derived from regression analysis is ICP24 = 6 (4 − TV) mmHg (2).

The findings of our line of research indicate the existence of a 
light-independent mechanism of circadian rhythm that partici-
pates in brain plasticity (9, 12). The discovery of a factor involved 
in this mechanism could lead to the development of a circadian 
rhythm-guided therapy to prevent brain injury.

Cryptochrome as potential prediction 
Factor in saH
Cryptochromes display circadian expression in the suprachias-
matic nucleus (10) and in peripheral tissues (7) such as white 
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FiGUre 1 | Elusive mechanism of the correlation between cryptochrome 
expression, temperature variability (TV), and further intracranial pressure (ICP). 
The potential neurogenic system that we described recently may be a 
background mechanism of brain plasticity whose core is located in the 
hypothalamus. This system may be modulated by the redox state of brain 
cells, which is remarkably altered in brain injury. An effective injury-induced 
neurogenesis would restore hypothalamus-related functions such as 
circadian rhythms and next autonomic functions related to cerebral 
autoregulation, contributing to ICP control. TV seems to be a marker of 
circadian rhythm even in comatose and sedated patients undergoing 
hypothermia. This condition implies the role of a light-independent 
mechanism of circadian rhythm control, which may be played by hCRY 
expression.
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blood cells (11) through light-independent (7, 9) and light-
dependent mechanisms (8, 10, 12).

The expression of hCRYs decreases during the day and 
increases during the night (13). Insufficient increase in hCRYs 
during the night correlates with higher levels of inflammation 
in the following morning, as has already been demonstrated in 
rheumatoid arthritis patients (13). In SAH patients, inflamma-
tion seems to lead to poor outcome (4).

The circadian pattern of temperature oscillation correlates 
with further neurologic signs (i.e., seizure in epileptic patients 
and intracranial hypertension in high-grade SAH) (1–3), and 
an elusive mechanism of this finding is that a normal circadian 
rhythm reflects normal hypothalamic neurogenesis (Figure  1) 
(1–6). Intriguingly, another potential marker of circadian rhythm, 
which could theoretically form a loop involving hCRYs and 
neurogenesis is blue light emission by the body. Endogenous blue 
light emission has been shown from human body (14). This emis-
sion displays circadian pattern and correlates with metabolism 
and reactive oxygen species (ROS) formation (14). Blue light 
stimulates CRY expression (11), and both—CRY (15) and ROS 
(16)—stimulate neurogenesis. Conversely, neurogenesis could 
close the loop by decreasing ROS formation, blue light emission, 
and CRY stimulation.

These observations raise the possibility that the circadian 
pattern of CRY expression correlates with circadian patterns of 
markers of inflammation and neurogenesis, neurologic signs in 
the following day–night cycle, and outcome in high-grade SAH.

HypotHesis testinG

The primary analysis to test our hypothesis is the correlation 
of the ratio between the level of hCRYs in the cerebrospinal 
fluid (CSF) during the nocturnal and the preceding diurnal 
periods (CRYn/d) of acute phase of high-grade SAH patients 

with outcome after 1  year. This level can be determined by 
immune-enzymatic assay (ELISA). In addition, bearing in 
mind the relationship between CRYs and inflammation, the 
ratio can be calculated also regarding the expression of hCRYs 
in white blood cells (WBCCn/d) (and their different types, e.g., 
mononuclear cells).

Due to potential therapeutic implications of the hypothesis 
(as detailed below), a crucial analysis is the correlation between 
CRYn/d and TV and ICP24. A caveat of this analysis is that TV has 
been shown to correlate with ICP24 only under strict control of 
temperature, with daily mean <35°C (2).

The complete study to test the hypothesis proposed here includes 
our published protocol to assess multimodality monitoring, inflam-
mation, and neuroregeneration markers in CSF and blood of high-
grade SAH patients aiming at revealing a prognostic biomarker (4). 
Because of our previous work, we deem worthwhile including in 
our original protocol principally the analysis (from blood and CSF 
samples of SAH patients) of markers related to circadian rhythms 
(melatonin), thermoregulation (RANK) (17), and hypothalamus- 
or hypophysis-produced hormones (growth hormone-releasing 
hormone, growth hormone, gonadotropin-releasing hormone, and 
oxytocin) (Table 1). Accordingly, the pineal gland and neurohypo-
physis are circumventricular organs, and the hormones mentioned 
above stimulate neurogenesis (18, 19).

Also bearing in mind its intriguing presence in the circum-
ventricular organs [pineal gland (20)/habenular zone (21), cho-
roid plexus (22), hypothalamus parenchyma (22)], it would be 
interesting to quantify through cell sorting mast cells in the CSF 
of the patients enrolled in this type of protocol. The potential 
neurogenic system arises from zones without blood–brain bar-
rier, whose permeability is dynamic across the sleep–wake cycle 
(23). An indication that mast cells may contribute to dynamic 
features of blood–brain barrier is that they contain granules of 
histamine, which increases locally the permeability of blood–
brain barrier (21, 22). Histamine also decreases inflammation 
via activation of H2 receptor and is involved in neuroprotection 
associated with preconditioning (24). Furthermore, histamine 
increases neural stem cell proliferation and favors cell fate 
toward neuronal differentiation via activation of neural stem cell 
H2 and H1 receptors, respectively (24). The presence of mast 
cells in circumventricular organs, action of histamine to increase 
blood–brain barrier permeability, decrease inflammation, pro-
tect neurons from secondary injury, and stimulate neurogenesis 
suggest that mast cells may play a role in endogenous mecha-
nisms of neuroprotection and neuroregeneration.

eXpeCted resULts

In decreasing order of importance, the expected results for the 
study protocol summarized above are:

• CRYn/d correlates with SAH outcome after 1 year;
• CRYn/d correlates with TV and ICP24;
• CRYn/d correlates with CSF and/or blood biomarker(s) of inflam-

mation or neuroregeneration.

Some remarks should be mentioned regarding hypothesis 
testing and expected results (Table 1).
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taBLe 1 | Parameters for correlation analysis with CRYn/d.

parameter Method Function timing after night Cry 
assessment (18:00)

Molecular and cellular markers in blood or CsF

WBCCn/d qrt-pCr systemic circadian Cry oscillation −12 and 0 h
WBCCn/d (mononuclear) qRT-PCR Systemic circadian CRY oscillation −12 and 0 h
Blood and CSF, interleukin-6, TNF-α, and CRP ELISA Inflammation 12 and 24 h
Blood and CSF IL-10 and Th ELISA and FACS Anti-inflammatory 12 and 24 h
CSF MCP-1 and SDF-1 ELISA Inflammation/neurogenesis 12 and 24 h
Blood and CSF histamine ELISA Neuroprotection/neurogenesis 12 and 24 h
CSF microglia and mast cells FACS (CD-68 and CD-117/c-kit) Inflammation/neurogenesis 12 and 24 h
CSF CD133+ cells FACS Neurogenesis 12 and 24 h
CSF ATP and ADP ELISA Redox state/purinergic pathway −12 and 0 h
CSF cytochrome c and phosphoethanolamine ELISA Redox state/mitochondrial respiration −12 and 0 h
CSF hydrogen sulfide ELISA Neuroprotection/neurogenesis −12 and 0 h
CSF neuroglobin ELISA Oxygen metabolism −12 and 0 h
Blood and CSF GH, GHRH, GnRH, oxytocin, 
vasopressin, and melatonin

ELISA Circumventricular organ (median eminence, 
neurohypophysis, pineal gland) function

−12 and 0 h

CSF RANK ELISA Thermoregulation −12 and 0 h

iCU multimodality monitoring

tV Continuous core body t monitoring iCp24 prediction −12 to 12 h
iCp24 Continuous iCp monitoring intracranial hypertension 12 to 36 h
Brain anatomy CT scan DCI Clinical indication
PtiO2 Parenchymal probe Brain hypoxia 12 to 36 h
Lactate/pyruvate Microdialysis Brain metabolism 12 to 36 h (3 h intervals)
MCAv, Lindegaard index, CO2 reactivity Transcranial Doppler Vasospasm/cerebral autoregulation 12 and 24 h
Alpha–delta ratio Continuous EEG DCI prediction −12 to 12 h

outcome

mrs Clinical assessment Functional Discharge, 1, 3, 6, and 12mo
GOS Clinical assessment Functional Discharge, 1, 3, 6, and 12mo
Barthel index Clinical assessment Functional Discharge, 1, 3, 6, and 12mo
MMSE Clinical assessment Cognitive Discharge, 1, 3, 6, and 12mo
MoCA Clinical assessment Cognitive Discharge, 1, 3, 6, and 12mo
Sickness Impact Profile Clinical assessment Health-related QoL Discharge, 1, 3, 6, and 12mo
Short-form 36 Clinical assessment Health-related QoL Discharge, 1, 3, 6, and 12mo

CSF collection at 6:00 and 18:00 at minimum every 3 days for CRYn/d determination when external ventricular drain is placed, until 14 days after bleeding. Minimum, maximum, 
and mean CRYn/d for each patient should be compared with any of the remaining parameters to search for correlation. WBCCn/d and mononuclear WBC CRY levels can be used as 
an alternative parameter for circadian CRY level. Main parameters are in bold. The remaining parameters are options that can be selected according to the goal of the protocol or 
resources of the service.
ADP, adenosine diphosphate; ATP, adenosine triphosphate; CRP, C-reactive protein; CRY, cryptochrome; CRYn/d, ratio between CRY level at night (18:00) and the preceding day 
(6:00) in CSF; CSF, cerebrospinal fluid; DCI, delayed cerebral ischemia; EEG, electroencephalogram; ELISA, enzyme-linked immunosorbent assay; FACS, fluorescent-activated cell 
sorting; GH, growth hormone; GHRH, growth hormone-releasing hormone; GnRH, gonadotropin-releasing hormone; GOS, Glasgow Outcome Scale; ICP, intracranial pressure; 
ICP24, mean ICP in the day following TV monitoring; ICU, intensive care unit; IL, interleukin; MCAV, middle cerebral artery velocity; MMSE, mini-mental status exam; MCP, monocyte 
chemoattractant protein; MoCA, Montreal cognitive assessment; mRS, modified Rankin scale; PtiO2, brain tissue oxygen pressure; RANK, receptor-activator of nuclear factor κ 
B; qRT-PCR, real-time polymerase chain reaction; QoL, quality of life; SDF, stromal cell-derived factor; T, temperature; Th, T helper; TNF, tumor necrosis factor; TV, temperature 
variability; WBCCn/d, ratio between CRY expression in white blood cells at night (18:00) and the preceding day (6:00).
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participates in inflammation in the acute phase of stroke model, 
but in a later phase contributes to migration and differentiation of 
newly formed immature neurons (i.e., neuroblasts) (4).

The multifactorial nature of SAH pathophysiology hampers 
the determination of correlation between outcome and inflam-
mation (25). SAH and brain injury trigger clinical features that 
lead to systemic inflammation (26), which on its turn may cause 
brain damage through seizures, for example (26). However, some 
studies showed that serum level of inflammation markers such as 
C-reactive protein (CRP) (27) and IL-6 (28, 29) correlates with 
SAH outcome.

Cerebrospinal fluid composition could in theory reflect a 
more straightforward level of brain inflammation, but factors 
such as amount of bleeding and use of external ventricular drain 

Cerebrospinal fluid collection for CRY determination will 
be carried out at 6:00 and 18:00, because they are the times of 
extreme core body temperature values. This procedure will be 
performed when an external ventricular drain is placed, at least 
every 3 days, and until 14 days after bleeding. For each patient, we 
will test three manners to calculate CRYn/d: highest ratio, lowest 
ratio, and mean ratio of all daily CRYn/d values. CRY level will 
be calculated as hCRY1, hCRY2, and hCRY1 plus hCRY2 levels.

The role of inflammation in stroke and particularly in SAH 
pathophysiology is not totally established (25). For example, 
tumor necrosis factor alpha correlates with neuron damage or 
protection depending on the membrane receptor on which it 
acts (4). Interleukin-6 (IL-6) shows a similar dual effect depend-
ing on microenvironment conditions (4). Likewise, microglia 
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FiGUre 2 | Key temperature variability (TV) values and corresponding 
predicted mean intracranial pressure in the following 24 h (ICP24). This figure 
is a schematic representation of key TV values and their corresponding 
predicted ICP24 [for detailed explanation, please see Ref. (2)]. Numbers 
between parentheses correspond to 80% prediction interval. These values 
could guide a further circadian rhythm modulation by stimulation of hCRY 
expression through transcranial magnetic and blue light stimulations.
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hypertension during the acute phase of SAH and to functional 
outcome in the long term.

This confirmation may underpin therapies guided by circa-
dian rhythm modulation. A recent study showed that hCRY2 
senses magnetic field (8). Magnetic field can be manipulated 
in clinical practice through transcranial magnetic stimulation, 
which interestingly increases neurogenesis (38). Perhaps tran-
scranial magnetic stimulation improves neurologic outcome in a 
series of neuropsychiatric diseases through stimulation of hCRY 
expression and consequent neurogenesis.

Blue light stimulation is another clinical measurement that 
may modulate circadian rhythm. In this regard, flashing light 
improves Alzheimer’s disease in experimental model (39). The 
retina is a major structure where hCRYs are expressed (10). 
Blue light also acts on hCRY expression in peripheral tissues. 
For example, jaundice improvement in children with blue light 
phototherapy correlates with increase in hCRY expression in 
mononuclear white cells (11). Therefore, blue light interferes in 
the level of hCRYs through central and peripheral mechanisms, 
and this is the reason for which it is interesting to assess hCRY 
expression in CSF and white blood cells in high-grade SAH 
patients and the correlation of this expression with TV and ICP24. 
In clinical practice, monochromatic phototherapy could follow 
the protocol described by Chen et  al. who demonstrated CRY 
increase during treatment of jaundice in neonates (11). For exam-
ple, in the first day of treatment, 20 W cool fluorescent bulbs could 
be used from 18:00 to 6:00 of the next day to reach 500 µW/cm2  
measured by a illuminance meter. This procedure is expected to 
increase CRY during night (which could be monitored by further 
CSF collections). In the following days, light exposure could be 
tailored aiming at reaching a CRYn/d that further studies occasion-
ally reveal to be associated with good outcome.

If CRYn/d or WBCCn/d correlates with TV and ICP24 and 
transcranial magnetic stimulation and blue light interfere in the 
level of hCRYs, then the endpoint of these therapies in high-grade 
SAH could also be the value of CRYn/d or WBCCn/d that leads to 
a TV higher than 0.666 and consequently to a predicted ICP24 
lower than 20  mmHg (Figure  2). Nonetheless, it is important 
to emphasize that these remarks are highly speculative and the 
practical use of these concepts depends on the confirmation of 

may interfere on results. A stronger correlation in comparison 
with serum inflammation markers was demonstrated between 
CSF level of the inflammation-related marker high mobility 
group box-1 protein and SAH outcome after 3 months (30). This 
marker and CRP (27) also correlated with clinical (Hunt and 
Hess, World Federation of Neurological Societies, and Glasgow 
Coma scales) and radiological (Fisher) scales known to be prog-
nostic factors in SAH.

The use of the ratio between CRY level during day and night 
is necessary to assess the role of circadian rhythm in SAH and 
is an approach that may contribute to overcome certain caveats 
mentioned above.

First, a higher CRYn/d would result from more remarkable 
sequential alterations between increase and decrease CRY level 
collected, respectively, during night and day, supposedly reflecting 
a closer to normal circadian rhythm. The use of this proportion 
instead of absolute values may diminish the influence of amount 
of bleeding on results.

Second, because CRY expression is ubiquitous, the cell type 
that serves as source of CRY in the CSF cannot be determined 
in this study protocol. A low CRYn/d may reflect low increase in 
CRY expression in white blood cells during night and, therefore, 
a lower anti-inflammatory activity. Additionally, a low CRYn/d 
may reflect a lower number of hypothalamus neurons in the 
same way that the level of the hypothalamus-produced hormones 
oxytocin and vasopressin is lower in the CSF of SAH cases with 
poor outcome (31). An indication whether the level of CRY in the 
CSF is altered due to less intense increase of CRY expression in 
white blood cells or due to brain damage may be revealed from 
the analysis of WBCCn/d (or alternatively of CRY expression in 
CSF leukocytes).

This study protocol intends to be a pilot study and the primary 
endpoint will be 1-year outcome defined according to modified 
Rankin scale as good (0–3) or poor (4–6). This option may yield 
a preliminary conclusion using Mann–Whitney U-test.

Complementary, we will analyze other functional scales, 
namely, Glasgow Outcome Scale and Barthel Index. Because half 
of the survivors after SAH displays good functional outcome 
measured by modified Rankin scale, but half of these patients 
shows neuropsychological alterations (32), we will explore this 
issue through the Mini-Mental Status Exam (33) and Montreal 
Cognitive Assessment (MoCA) (32, 34, 35). Moreover, SAH 
outcome studies have been taking into account analyses of health-
related quality of life, which in our study will be evaluated through 
Sickness Impact Profile and Short-Form 36 (36, 37). Regarding 
timing, all outcome tests will be performed at discharge, and 1, 3, 
6, and 12 months after bleeding.

potentiaL iMpLiCations oF tHe 
HypotHesis

The confirmation of the expected results would represent one 
more piece of evidence that circadian rhythms parallel endog-
enous mechanisms of brain plasticity and can be used to predict 
neurologic status (Figure  1). Regarding the study protocol we 
propose here, neurologic status corresponds to intracranial 
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the hypothesis explained here, the replication of the study on ICP 
prediction by TV, and in the improvement of the TV analysis in 
such a way that it includes mean daily temperature values higher 
than 34.9°C (Figure 3). In our series, days with mean daily tem-
perature higher than 34.9°C displayed higher temperature range. 
In these cases, the night–day ratio of coefficient of variation (SD/
mean) was significantly different from the night–day ratio of SD, 
because mean night temperature over mean day temperature was 
not equal to one (contrarywise to what happens during hypo-
thermia) (Figure 3). We are currently testing whether ICP24 can 
be predicted by TV during non-hypothermia periods using vari-
ables derived from the mean coefficient of variation of harmonics 
of 12 h obtained during day or night, similar to the formula to 
predict ICP24 already described (Figure 3).

ConCLUsion

We have previously shown that the adult human brain harbors a 
potential neurogenic system whose integrity could be monitored 
by the analysis of circadian rhythms such as temperature oscil-
lation. The pattern of circadian rhythms correlates with further 
brain injury, even under conditions in which the sleep–wake 

cycle is absent and the temperature is strictly controlled. This 
finding led us to postulate that light-independent mechanisms of 
circadian rhythm control may be involved in endogenous brain 
plasticity.

The circadian proteins CRYs display light-independent mech-
anism of circadian rhythm control, can be assessed in acute severe 
neurologic conditions, and their expression could theoretically be 
modulated by blue light and transcranial magnetic stimulation.

aUtHor ContriBUtions

AN (first author): developed the hypothesis and wrote the paper. 
AN (second author): participated in previous work of the group 
on the paper subject, provided ideas, and revised the manuscript. 
JV and MT: participated in previous work of the group on this 
subject, provided ideas, and revised the manuscript.

FUndinG

National Council for Scientific and Technological Development 
(Conselho Nacional para o Desenvolvimento Científico e 
Tecnológico (CNPq)), grant #401002/2013-6.

reFerenCes

1. Kim B, Nogueira AB, Thome-Souza S, Kapur K, Klehm J, Jackson M, 
et  al. Diurnal and nocturnal patterns of autonomic neurophysiological 
measurements are related to timing of seizures. Ann Neurol (2015) 78(S19): 
S174–5. doi:10.1002/ana.24477

2. Nogueira AB, Annen E, Boss O, Farokhzad F, Sikorski C, Keller E. Temperature 
variability in the day-night cycle is associated with further intracranial pressure 
during therapeutic hypothermia. J Transl Med (2017) 15:170. doi:10.1186/
s12967-017-1272-y 

3. Nogueira AB, Loddenkemper T, Inventors; Children’s Medical Center 
Corporation, Assignee. Seizure Prediction Based on Comparison of Biological 

Information Across Wake and Sleep Periods. World Intellectual Property 
Organization (WIPO) WO2017/007808, United States patent pending PCT/
US2016/041085 (2016).

4. Nogueira AB, Nogueira AB, Esteves Veiga JC, Teixeira MJ. Multimodality mon-
itoring, inflammation, and neuroregeneration in subarachnoid hemorrhage. 
Neurosurgery (2014) 75:678–89. doi:10.1227/NEU.0000000000000512 

5. Nogueira AB, Nogueira AB, Esteves Veiga JC, Teixeira MJ. Letter: extensive 
migration of young neurons into the infant human frontal lobe. Neurosurgery 
(2017) 81:E16–8. doi:10.1093/neuros/nyx202 

6. Nogueira AB, Sogayar MC, Colquhoun A, Siqueira SA, Nogueira AB, Marchiori 
PE, et al. Existence of a potential neurogenic system in the adult human brain. 
J Transl Med (2014) 12:75. doi:10.1186/1479-5876-12-75 

FiGUre 3 | Caveat on intracranial pressure (ICP) prediction via temperature variability (TV) analysis. This panel illustrates that TV can predict ICP (in millimeter of 
mercury) only when mean daily T < 35°C and points to possible factor that contributes for this feature. (a,d) Show temperature in the same scale to visualize that 
absolute values were practically the same only during intravascular-induced hypothermia, which implicates that night–day ratio of coefficient of variation and night–
day ratio of SD of temperature are practically the same only during hypothermia. In (B,e), the temperature curves were zoomed in to show that temperature range is 
larger during normothermia. Note that the baseline changes in the second part of the day during normothermia [day is represented at the left side of vertical line of 
(a,B,d,e)], which reflects in the SD found; on the other hand, SD during hypothermia reflects principally temperature variation on a constant baseline. We are 
calculating the coefficient of variation of shorter periods (harmonics of 12 h) to see if the mean of these values can be used to derive a formula to predict ICP24.  
(C,F) shows the ICP curves of the next day. The predicted ICP (pICP24) matches ICP24 only during hypothermia. For details regarding calculation, please see Ref. (2), 
from which (a–C) were adapted; (d–F) have not been published previously.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1002/ana.24477
https://doi.org/10.1186/s12967-017-1272-y
https://doi.org/10.1186/s12967-017-1272-y
https://doi.org/10.1227/NEU.0000000000000512
https://doi.org/10.1093/neuros/nyx202
https://doi.org/10.1186/1479-5876-12-75


7

Nogueira et al. Role of CRYs in SAH Outcome

Frontiers in Neurology | www.frontiersin.org November 2017 | Volume 8 | Article 637

7. Reppert SM, Weaver DR. Coordination of circadian timing in mammals. 
Nature (2002) 418:935–41. doi:10.1038/nature00965 

8. Foley LE, Gegear RJ, Reppert SM. Human cryptochrome exhibits light- 
dependent magnetosensitivity. Nat Commun (2011) 2:356. doi:10.1038/
ncomms1364 

9. Vieira J, Jones AR, Danon A, Sakuma M, Hoang N, Robles D, et al. Human 
cryptochrome-1 confers light independent biological activity in transgenic 
Drosophila correlated with flavin radical stability. PLoS One (2012) 7:e31867. 
doi:10.1371/journal.pone.0031867 

10. Miyamoto Y, Sancar A. Vitamin B2-based blue-light photoreceptors in 
the retinohypothalamic tract as the photoactive pigments for setting the 
circadian clock in mammals. Proc Natl Acad Sci U S A (1998) 95:6097–102. 
doi:10.1073/pnas.95.11.6097 

11. Chen A, Du L, Xu Y, Chen L, Wu Y. The effect of blue light exposure on the 
expression of circadian genes: bmal1 and cryptochrome 1 in peripheral blood 
mononuclear cells of jaundiced neonates. Pediatr Res (2005) 58:1180–4. 
doi:10.1203/01.pdr.0000183663.98446.05 

12. Nießner C, Denzau S, Malkemper EP, Gross JC, Burda H, Winklhofer M, et al. 
Cryptochrome 1 in retinal cone photoreceptors suggests a novel functional 
role in mammals. Sci Rep (2016) 6:21848. doi:10.1038/srep21848 

13. Hand LE, Hopwood TW, Dickson SH, Walker AL, Loudon AS, Ray DW, 
et al. The circadian clock regulates inflammatory arthritis. FASEB J (2016) 30: 
3759–70. doi:10.1096/fj.201600353R 

14. Kobayashi M, Kikuchi D, Okamura H. Imaging of ultraweak spontaneous 
photon emission from human body displaying diurnal rhythm. PLoS One 
(2009) 4:e6256. doi:10.1371/journal.pone.0006256 

15. Schnell A, Sandrelli F, Ranc V, Ripperger JA, Brai E, Alberi L, et  al. Mice 
lacking circadian clock components display different mood-related behaviors 
and do not respond uniformly to chronic lithium treatment. Chronobiol Int 
(2015) 32:1075–89. doi:10.3109/07420528.2015.1062024 

16. Hameed LS, Berg DA, Belnoue L, Jensen LD, Cao Y, Simon A. Environmental 
changes in oxygen tension reveal ROS-dependent neurogenesis and regener-
ation in the adult newt brain. Elife (2015) 4:e08422. doi:10.7554/eLife.08422 

17. Hanada R, Leibbrandt A, Hanada T, Kitaoka S, Furuyashiki T, Fujihara H, 
et al. Central control of fever and female body temperature by RANKL/RANK. 
Nature (2009) 462:505–9. doi:10.1038/nature08596 

18. Fredrich M, Hampel M, Seidel K, Christ E, Korf HW. Impact of melatonin 
receptor-signaling on Zeitgeber time-dependent changes in cell proliferation 
and apoptosis in the adult murine hippocampus. Hippocampus (2017) 
27:495–506. doi:10.1002/hipo.22706 

19. Rankin SL, Partlow GD, McCurdy RD, Giles ED, Fisher KR. Postnatal neuro-
genesis in the vasopressin and oxytocin-containing nucleus of the pig hypo-
thalamus. Brain Res (2013) 971:189–96. doi:10.1016/S0006-8993(03)02350-3 

20. Machado AB, Faleiro LC, da Silva WD. Study of mast cell and histamine 
contents of the pineal body. Z Zellforsch Mikrosk Anat (1965) 65:521–9. 
doi:10.1007/BF00337066 

21. Zhuang X, Silverman AJ, Silver R. Brain mast cell degranulation regu-
lates blood-brain barrier. J Neurobiol (1996) 31:393–403. doi:10.1002/
(SICI)1097-4695(199612)31:4<393::AID-NEU1>3.0.CO;2-4 

22. Hendriksen E, van Bergeijk D, Oosting RS, Redegeld FA. Mast cells in neu-
roinflammation and brain disorders. Neurosci Biobehav Rev (2017) 79:119–33. 
doi:10.1016/j.neubiorev.2017.05.001 

23. Keaney J, Campbell M. The dynamic blood-brain barrier. FEBS J (2015) 
282:4067–79. doi:10.1111/febs.13412 

24. Hu WW, Chen Z. Role of histamine and its receptors in brain ischemia. ACS 
Chem Neurosci (2012) 3:238–47. doi:10.1021/cn200126p 

25. Miller BA, Turan N, Chau M, Pradilla G. Inflammation, vasospasm, and brain 
injury after subarachnoid hemorrhage. Biomed Res Int (2014) 2014:384342. 
doi:10.1155/2014/384342 

26. Claassen J, Albers D, Schmidt JM, De Marchis GM, Pugin D, Falo CM,  
et al. Nonconvulsive seizures in subarachnoid hemorrhage link inflamma-
tion and outcome. Ann Neurol (2014) 75:771–81. doi:10.1002/ana.24166 

27. Fountas KN, Tasiou A, Kapsalaki EZ, Paterakis KN, Grigorian AA, Lee GP, 
et  al. Serum and CSF C-reactive protein levels as predictors of vasospasm 
in aneurysmal subarachnoid hemorrhage. Clinical article. Neurosurg Focus 
(2009) 26:E22. doi:10.3171/2009.2.FOCUS08311 

28. McMahon CJ, Hopkins S, Vail A, King AT, Smith D, Illingworth KJ,  
et al. Inflammation as a predictor for delayed cerebral ischemia after aneurysmal 
subarachnoid haemorrhage. J Neurointerv Surg (2013) 5:512–7. doi:10.1136/ 
neurintsurg-2012-010386 

29. Höllig A, Remmel D, Stoffel-Wagner B, Schubert GA, Coburn M, Clusmann H.  
Association of early inflammatory parameters after subarachnoid hem-
orrhage with functional outcome: a prospective cohort study. Clin Neurol 
Neurosurg (2015) 138:177–83. doi:10.1016/j.clineuro.2015.08.030 

30. Sokół B, Woźniak A, Jankowski R, Jurga S, Wasik N, Shahid H, et al. HMGB1 
level in CSF as a marker of treatment outcome in patients with acute hydroce-
phalus following aneurysmal subarachnoid hemorrhage. J Stroke Cerebrovasc 
Dis (2015) 8:1897–904. doi:10.1016/j.jstrokecerebrovasdis.2015.05.002 

31. Martin J, Kagerbauer SM, Schuster T, Blobner M, Kochs EF, Landgraf R. 
Vasopressin and oxytocin in CSF and plasma of patients with aneurysmal 
subarachnoid haemorrhage. Neuropeptides (2014) 48:91–6. doi:10.1016/j.
npep.2013.12.004 

32. Wong GK, Lam SW, Wong A, Mok V, Siu D, Ngai K, et  al. Early MoCA-
assessed cognitive impairment after aneurysmal subarachnoid hemorrhage 
and relationship to 1-year functional outcome. Transl Stroke Res (2014) 
5:286–91. doi:10.1007/s12975-013-0284-z 

33. Gupta SK, Chhabra R, Mohindra S, Sharma A, Mathuriya SN, Pathak A, 
et  al. Long-term outcome in surviving patients after clipping of intracra-
nial aneurysms. World Neurosurg (2014) 81:316–21. doi:10.1016/j.wneu. 
2013.01.034 

34. Chiti G, Pantoni L. Use of Montreal Cognitive Assessment in patients with 
stroke. Stroke (2014) 45:3135–40. doi:10.1161/STROKEAHA.114.004590 

35. Zweifel-Zehnder AE, Stienen MN, Chicherio C, Studerus-Germann A,  
Bläsi S, Rossi S, et al. Call for uniform neuropsychological assessment after 
aneurysmal subarachnoid hemorrhage: Swiss recommendations. Acta 
Neurochir (Wien) (2015) 157:1449–58. doi:10.1007/s00701-015-2480-y 

36. Al-Khindi T, Macdonald RL, Schweizer TA. Cognitive and functional out-
come after aneurysmal subarachnoid hemorrhage. Stroke (2010) 41:e519–36. 
doi:10.1161/STROKEAHA.110.581975 

37. Kapapa T, Tjahjadi M, König R, Wirtz CR, Woischneck D. Which clinical 
variable influences health-related quality of life the most after spontaneous 
subarachnoid hemorrhage? Hunt and Hess scale, Fisher score, World 
Federation of Neurosurgeons score, Brussels coma score, and Glasgow coma 
score compared. World Neurosurg (2013) 80:853–8. doi:10.1016/j.wneu.2012. 
08.021 

38. Zhen J, Qian Y, Fu J, Su R, An H, Wang W, et al. Deep brain magnetic stimu-
lation promotes neurogenesis and restores cholinergic activity in a transgenic 
mouse model of Alzheimer’s disease. Front Neural Circuits (2017) 11:48. 
doi:10.3389/fncir.2017.00048 

39. Iaccarino HF, Singer AC, Martorell AJ, Rudenko A, Gao F, Gillingham TZ, 
et al. Gamma frequency entrainment attenuates amyloid load and modifies 
microglia. Nature (2016) 540:230–5. doi:10.1038/nature20587 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Nogueira, Nogueira, Veiga and Teixeira. This is an open- 
access article distributed under the terms of the Creative Commons Attribution 
License (CC BY). The use, distribution or reproduction in other forums is permit-
ted, provided the original author(s) or licensor are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these  
terms.

http://www.frontiersin.org/Neurology/
http://www.frontiersin.org
http://www.frontiersin.org/Neurology/archive
https://doi.org/10.1038/nature00965
https://doi.org/10.1038/ncomms1364
https://doi.org/10.1038/ncomms1364
https://doi.org/10.1371/journal.pone.0031867
https://doi.org/10.1073/pnas.95.11.6097
https://doi.org/10.1203/01.pdr.0000183663.98446.05
https://doi.org/10.1038/srep21848
https://doi.org/10.1096/fj.201600353R
https://doi.org/10.1371/journal.pone.0006256
https://doi.org/10.3109/07420528.2015.1062024
https://doi.org/10.7554/eLife.08422
https://doi.org/10.1038/nature08596
https://doi.org/10.1002/hipo.22706
https://doi.org/10.1016/S0006-8993(03)02350-3
https://doi.org/10.1007/BF00337066
https://doi.org/10.1002/(SICI)1097-4695(199612)31:4<393::AID-NEU1>3.0.CO;2-4
https://doi.org/10.1002/(SICI)1097-4695(199612)31:4<393::AID-NEU1>3.0.CO;2-4
https://doi.org/10.1016/j.neubiorev.2017.05.001
https://doi.org/10.1111/febs.13412
https://doi.org/10.1021/cn200126p
https://doi.org/10.1155/2014/384342
https://doi.org/10.1002/ana.24166
https://doi.org/10.3171/2009.2.FOCUS08311
https://doi.org/10.1136/
neurintsurg-2012-010386
https://doi.org/10.1136/
neurintsurg-2012-010386
https://doi.org/10.1016/j.clineuro.2015.08.030
https://doi.org/10.1016/j.jstrokecerebrovasdis.2015.05.002
https://doi.org/10.1016/j.npep.2013.12.004
https://doi.org/10.1016/j.npep.2013.12.004
https://doi.org/10.1007/s12975-013-0284-z
https://doi.org/10.1016/j.wneu.2013.01.034
https://doi.org/10.1016/j.wneu.2013.01.034
https://doi.org/10.1161/STROKEAHA.114.004590
https://doi.org/10.1007/s00701-015-2480-y
https://doi.org/10.1161/STROKEAHA.110.581975
https://doi.org/10.1016/j.wneu.2012.08.021
https://doi.org/10.1016/j.wneu.2012.08.021
https://doi.org/10.3389/fncir.2017.00048
https://doi.org/10.1038/nature20587
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Hypothesis on the Role of Cryptochromes in Inflammation and Subarachnoid Hemorrhage Outcome
	Introduction
	Hypothesis
	Rationale of the Hypothesis
	Adult Human Neurogenesis
	Brain Injury Prediction through Circadian Rhythm Monitoring
	Presence of Sleep–Wake Cycle
	Absence of Sleep–Wake Cycle

	Cryptochrome As Potential Prediction Factor in SAH

	Hypothesis Testing
	Expected Results
	Potential Implications of the Hypothesis
	Conclusion
	Author Contributions
	Funding
	References


