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Abstract

Objective: To investigate how cluster headache preventatives verapamil, lithium and prednisone affect expression of

hypothalamic genes involved in chronobiology.

Methods: C57Bl/6 mice were exposed to daily, oral treatment with verapamil, lithium, prednisone or amitriptyline

(as negative control), and transcripts of multiple genes quantified in the anterior, lateral and posterior hypothalamus.

Results: Verapamil, lithium or prednisone did not affect expression of clock genes of the anterior hypothalamus (Clock,

Bmal1, Cry1/2 and Per1/2). Prednisone altered expression of hypothalamic neuropeptides melanin-concentrating hormone

and histidine decarboxylase within the lateral and posterior hypothalamus, respectively. The three preventatives did not

affect expression of the neurohypophyseal hormones oxytocin and arginine-vasopressin in the posterior hypothalamus.

Conversely, amitriptyline reduced mRNA levels of Clock, oxytocin and arginine-vasopressin.

Conclusion: Data suggest that cluster headache preventatives act upstream or downstream from the hypothalamus.

Our findings provide new insights on hypothalamic homeostasis during cluster headache prophylaxis, as well as neuro-

chemistry underlying cluster headache treatment.
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Introduction

Cluster headache (CH) has a prevalence of 1 in 1000

and a male/female ratio of 2.5–3.5. Rhythmicity repre-

sents one of the most enigmatic feature of CH, and a

great deal of effort has been directed at deciphering the

underlying molecular mechanisms. Nevertheless, the

neurobiology of the circadian/circannual pattern of

CH and its relationship with attack pathogenesis still

waits to be deciphered (1). Because of the key role of

the hypothalamus in human chronobiology, as well as

in the pathogenesis of primary headaches in general, it

has been repeatedly proposed that this brain region is

causally involved in CH rhythmicity and pain (2).

Accordingly, several fMRI studies report hypothalamic

activation during CH attacks (3). Further confirming a

pivotal role of the hypothalamus in the etiopathogen-

esis of CH, deep brain stimulation with electrodes

implanted in the posterior hypothalamus reduces

both severity and frequency of attacks in CH patients
refractory to pharmacological therapy (4).

Verapamil, lithium, and corticosteroids represent
the mainstay of CH prophylaxis, but how they function
as preventatives is unknown. In this regard, it is worth
noting that from a pharmacodynamic perspective, CH
preventatives do not show any apparent, mutual mech-
anism of action. Specifically, verapamil is a calcium
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channel blocker approved as an antiarrhythmic, lithi-
um is an inositol phosphatase/glycogen synthase kinase
inhibitor used as a mood stabiliser, and corticosteroids
are transcription-regulating, immunomodulatory
drugs. Notwithstanding the lack of similar pharmaco-
dynamics, to our knowledge the question as to whether
these drugs share a similar impact on hypothalamic
functions is still unanswered. We also reasoned that a
deeper understanding of the pharmacological mecha-
nisms underlying CH prophylaxis can help developing
innovative therapeutics, for which patients are in
greet need.

Hence, in an attempt to gather information on CH
pathogenesis and molecular mechanisms underpinning
prophylaxis, in the present study we investigated
whether oral treatment with verapamil, lithium carbon-
ate or prednisone alter expression profiles of genes
involved in hypothalamic functioning, circadian clock
and sleep regulation in mice.

Materials and methods

Animals

All animal care and experimental procedures were per-
formed according to the European Community guide-
lines for animal care (European Communities Council
Directive 2010/63/EU) and were approved by the
Committee for Animal Care and Experimental Use of
the University of Florence. Male C57Bl/6 mice 20–25 g
were purchased from Charles River (Milan, Italy) and
housed in conventional units (six per cage) with free
access to food (Harlan Global Diet 2018, Harlan
Laboratories, Udine, Italy) and water. Mice were main-
tained on a 12 h light/dark cycle at 21�C room temper-
ature for 15 days before drug exposure. As for the
power analysis, the experimental hypothesis of our
study prompted us to consider the effects of verapamil,
lithium or prednisone on expression genes involved in
hypothalamic functioning as the parameter of refer-
ence. Unfortunately, we have been unable to find stud-
ies reporting this information. This precluded the
possibility of defining an a priori hypothesis, as well
as performing a sample size calculation. On this
basis, to carry out our exploratory study, we chose a
number of animals of six mice per group. Two inde-
pendent experiments with six animals per group for
each time point (8 am and 8 pm) were carried out.
Animals were randomised (generating five groups by
the RAND function of Excel software) and treated
with verapamil, lithium, prednisone, amitriptyline or
vehicle (control group) for 15 days. Upon a 15-day
drug exposure, mice (n¼ 12 per group) were sacrificed
at 8:00 am and 8:00 pm by means of isoflurane anaes-
thesia, transcardial cold saline perfusion followed by

immediate decapitation. At each time point a control

group (n¼ 12) was also sacrificed. Brains were then

frozen at �80�C upon the sacrifice and cut with a cryo-

stat to collect hypothalamic regions. Specifically, bilat-

eral anterior, lateral, and posterior hypothalamic

regions were excised from frozen 20 mm serial coronal

sections according to the stereotaxic atlas of the mouse

brain. Genes of interest were analysed in that hypotha-

lamic region where they are physiologically more

expressed.

Quantitative PCR

Total RNA was isolated from hypothalamic regions

using Trizol Reagent (Life Technologies, Monza,

Italy). One mg of RNA was retrotranscribed using

iScript (Bio-Rad, Milan, Italy). RT-PCR was per-

formed as reported (5). The primers used are reported

in Figure 2.

Statistical analysis

Data are expressed as mean�SEM. To test the differ-

ence between more than two groups ANOVA plus

Tukey’s post hoc test (according to Kolmogorov–

Smirnov test for normality) was used. Differences

were considered to be significant with a p-value< 0.05.

Statistical analyses were carried out using GraphPad

Prism (version 7).

Results

Effects of CH preventatives and amitriptyline on

hypothalamic gene transcripts

In order to adopt a clinically-relevant treatment proto-

col, mice were exposed to daily, oral drug administra-

tion for 15 days, a length of time sufficient for a CH

preventative to prompt a therapeutic effect. Similarly,

drugs were administered according to routinely

adopted treatment schedules. Specifically, according

to human-to-animal dose conversion guidelines and

chronic treatment (6), verapamil and lithium carbonate

were administered three times per day (8:00 am,

1:00 pm and 8:00 pm) at 3.4 and 13mg/kg, respectively,

whereas prednisone was dosed at 3mg/kg at 8.00 am.

An additional group of mice was exposed to oral ami-

triptyline (1mg/kg at 8:00 pm), a migraine preventative

altering some hypothalamic functions here adopted as

a negative control. Collectively, drug doses were about

three-fold higher than those routinely adopted in

patients, in keeping with standard conversion from

human to mouse chronic dosing. Drug treatments

were well tolerated, showing no effects on body

weight and food/water consumption (not shown).
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As far as clock genes of the anterior hypothalamus are
concerned, we found that none of the CH preventatives
altered transcript levels of Clock, Bmal1, Cry1 and -2,
as well as Per1 and -2. Interestingly, mice receiving
amitriptyline showed reduced Clock mRNA levels at
both 8 am and 8 pm and an increase of those of

Bmal1 at 8 am (Figure 1(b)–(g)). In the lateral hypo-
thalamus, we evaluated transcripts for hypocretin/
orexin and melanin-concentrating hormone, two neuro-
transmitters with key roles in sleep regulation (7). We
found that none of the tested drugs altered hypocretin
transcripts, whereas only prednisone increased those of

Figure 1. Effects of verapamil, lithium, prednisone, and amitriptyline on gene transcripts involved in hypothalamic chronobiology. The
hypothalamic regions (anterior, lateral and posterior) analysed and the respective genes is shown in (a). The impact of a chronic
(15 days), oral treatment with verapamil (3.4mg/kg, three times per day), lithium carbonate (13mg/kg, three times per day), pred-
nisone (3mg/kg) or amitriptyline (1mg/kg) on transcript levels of Clock (b), Bmal1 (c), Cry1 (d), Cry2 (e), Per1 (f), Per2 (g), orexin Hcrt
(h), melanin concentrating hormone Mch (i), histidine decarboxylase Hd (J), oxytocin Oxt (K) and arginine vasopressin Avp (L) within
the mouse hypothalamus at 8 am and 8 pm after 15 days of treatment is shown. Each column represents the mean� SEM of two
experiments with six animals per group.
*p< 0.05 vs. Crl (ANOVA plus Tukey’s post-hoc test).
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melanin-concentrating hormone at both 8 am and 8 pm
(Figure 1(h) and (i)). Within the posterior hypothala-
mus, we evaluated mRNA levels of histidine decarbox-
ylase, the rate-limiting enzyme in the synthesis of brain
histamine with a key role in CNS arousal/wakefulness
(8), as well as the two neurohypophysis hormones oxy-
tocin and arginine vasopressin. Figure 1(j) shows that
histidine decarboxylase transcripts were reduced in
mice receiving prednisone at both time points, but
unchanged in animals challenged with the other pre-
ventatives. Conversely, amitriptyline reduced expres-
sion levels of oxytocin at 8 am and pm, whereas
those of arginine vasopressin were reduced at 8 am
only (Figure 1(k) and (l)). To rule out that lack of effects
on gene transcripts being due to lack of power (see
Methods), we conducted a post-hoc power analysis
using the software G*Power 3.1.9.4, with ANOVA
one-way test, and considering a beta/alpha ratio of 4,
the sample size (12 mice) and effect size reached for each
single gene. We obtained a power of 0.78 for Clock, 0.84
for Bmal1, 0.75 for Cry1, 0.79 for Cry2, 0.73 for Per1,
0.82 for Per2, 0.49 for Hcrt, 0.96 for Mhc, 0.84 for Hd,
0.81 for Oxt, 0.79 for Avp. These findings indicate that
power was reached for most of the gene.

Discussion

Even though pathophysiology of CH is largely

unknown, both clinical evidence and functional neuro-

imaging point to a key role of the hypothalamus in

disease pathogenesis. Given the preventative nature of

verapamil, lithium, and prednisone in CH therapy, it

makes sense that these drugs act within the CNS to

reduce attack frequency. Indeed, all the three preventa-

tives are known to cross the blood-brain barrier and

affect CNS functioning. We reasoned that the three

drugs may share the ability to alter hypothalamic

homeostasis thereby altering the expression of genes

involved in circadian rhythm and sleep/wake cycle.

Interestingly, Clock and Cry nucleotide polymorphisms

segregate with CH patients (9,10). Similarly, genetic

susceptibility loci are present in CH patients, even

though they do not seem to be specifically related to

hypothalamic function regulation (11). Together, these

findings corroborate the relevance of specific chrono-

types/gene association in CH pathogenesis. We found,

however, that neither verapamil nor lithium

affected transcript levels of mouse hypothalamic

clock genes/neuropeptides, whereas prednisone

Figure 2. Primers used are shown in this table.
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increased melanin-concentrating hormone mRNAs and
reduced those of histidine decarboxylase. Taken
together, these findings indicate that the three preven-
tatives do not alter the interconnected, transcription-
translation feedback loops underpinning clock gene
expression within the mouse suprachiasmatic nucleus,
the hypothalamic pacemaker of circadian oscillations.
This is in keeping with the notion that verapamil exerts
its prophylactic effect even when acutely administered
(12). In this regard, however, it is worth noting that
verapamil is rapidly extruded from the CNS by P-gly-
coprotein, an event that, in principle, might reduce its
potential impact on hypothalamic gene expression.
Conversely, corticosteroid therapy is well known to
affect sleep, mostly causing sleep difficulties. We
report here that, in keeping with its transcription-
regulating properties, prednisone increased melanin-
concentrating hormone and reduced histidine
decarboxylase transcripts within the lateral and poste-
rior mouse hypothalamus, respectively. Oddly, these
changes should promote rather than reduce sleep.
Indeed, the melanin-concentrating hormone increases
both REM and non-REM sleep, whereas diminished
expression of histidine decarboxylase impairs
histamine-dependent CNS arousal and wakefulness.
We reason that these somehow paradoxical transcrip-
tional changes occur as a rebound phenomenon in
chronically exposed mice, a hypothesis in line with
the transient nature of corticosteroid-dependent sleep
disturbances. The inability of lithium to affect gene
expression within the mouse hypothalamus was in
part unexpected. This is not only because of the effica-
cy of lithium in bipolar disorder, a psychiatric condi-
tion typically characterised by specific chronoperiods,
but also in light of the drug’s impact on rodent

behavioural rhythms (13). To our knowledge, however,

no studies have investigated the effect of the drug on

clock gene expression in wild-type mice. Of note, our

findings are at odds with a recent study by Burish and

colleagues (14) reporting slight changes of circadian

clock gene transcripts in the hypothalamus of mice

exposed to verapamil. Possibly, this apparent inconsis-

tency can be explained considering that the authors

adopted a high dose of verapamil (�6.5-fold higher

than that clinically relevant), a limited number of

mice per group, as well as drug administration in drink-

ing water rather than reproducing a clinically relevant

treatment schedule. Surprisingly, amitriptyline,

adopted here as a putative negative control, altered

hypothalamic transcript levels of Clock, oxytocin, and

arginine vasopressin. When put into a clinical perspec-

tive, the ability of amitriptyline to alter hypothalamic

transcriptional homeostasis may underpin its antimi-

graine properties, as well as its modest benefit in CH

treatment (15). The ability of amitriptyline to reduce

oxytocin and arginine vasopressin expression can be

related to the drug’s impact on peripheral aminergic

neurotransmission. Of note, in keeping with our find-

ings, severe hypotension during amitriptyline intoxica-

tion only responds to arginine vasopressin (16).
In conclusion, our data suggest that CH preventa-

tives act upstream or downstream from the hypothal-

amus, possibly targeting signalling pathways

independently involved in disease pathogenesis.

However, given that the present findings only provide

evidence for lack of diurnal variation in hypothalamic

gene expression, further studies are needed to rule out

that CH preventatives prompt circadian alterations

showing a different timescale.

Article highlights

• It is currently unclear whether cluster headache (CH) preventatives modify hypothalamic transcriptional
homeostasis.

• We report that prolonged exposure to verapamil, lithium or prednisone does not affect expression of
mouse hypothalamic genes regulating chronobiology.

• CH preventatives may act upstream or downstream from the hypothalamus.
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