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torpor is a peculiar mammalian behaviour, characterized by the active reduction of metabolic rate, 
followed by a drop in body temperature. to enter torpor, the activation of all thermogenic organs that 
could potentially defend body temperature must be prevented. Most of these organs, such as the 
brown adipose tissue, are controlled by the key thermoregulatory region of the Raphe pallidus (Rpa). 
currently, it is not known which brain areas mediate the entrance into torpor. to identify these areas, 
the expression of the early gene c-Fos at torpor onset was assessed in different brain regions in mice 
injected with a retrograde tracer (cholera toxin subunit b, ctb) into the Rpa region. the results show 
a network of hypothalamic neurons that are specifically activated at torpor onset and a direct torpor-
specific projection from the Dorsomedial Hypothalamus to the RPa that could putatively mediate the 
suppression of thermogenesis during torpor.

Torpor is a peculiar mammalian behaviour, characterized by the active reduction of metabolic rate, with a con-
sequent drop in body temperature proportional to the thermal gradient between the body and the environment1. 
Torpor is an ancestral trait, probably already present in proto-mammals2; it served as a strategy to survive in an 
environment with low resource availability3. Mice, being facultative heterotherms4, can display torpor when a 
negative energy balance is sensed5. In laboratory conditions, multiple strategies can be used to induce torpor 
in mice, mainly based on the reduction of ambient temperature and/or food deprivation/restriction6–8, but the 
neural pathway responsible for the entrance into torpor is unknown.

To enter torpor, all the thermogenic organs that could potentially mediate an attempt to compensate for the 
cooling of the body, such as the brown adipose tissue, must be turned off. Brown adipose tissue has been shown to 
be under the control of neurons located in the brainstem region of the Raphe Pallidus (RPa)9. RPa is a key relay in 
transmitting thermoregulatory commands from the central nervous system to the effectors, and, so far, no central 
signal has been reported to bypass the RPa relay station. This is a highly conserved region that has been shown 
to be functionally similar in many species, such as mice10, rats11, rabbits12, piglets13, and humans14. Since the sup-
pression of thermogenesis is required in order to enter torpor, it is highly unlikely that RPa neurons can still be 
active in such a condition; an inhibitory afference to RPa neurons should therefore be activated at torpor onset.

To identify such an afference, the expression of the early gene c-Fos at torpor onset was assessed in differ-
ent brain regions in animals in which a retrograde tracer (Cholera Toxin subunit b, CTb) had been previously 
injected into the RPa region. To obtain a clearly identifiable, reputable, and reliable torpor onset, we used a proto-
col described by Heldmaier and coworkers7. Briefly, mice subjected to a 36-h fasting period were acutely exposed 
to a cold environment. Animals entered torpor within two hours from the exposure.

Combining neurons expressing the early gene c-Fos with the expression of the retrograde tracer CTb injected 
within the RPa, we show here a network of hypothalamic neurons that are specifically activated at torpor onset 
and a direct torpor-specific projection to RPa originating in the Dorsomedial Hypothalamus (DMH) that could 
putatively mediate the suppression of thermogenesis of torpor itself.

Results
c-fos expression. In the Torpor group, c-Fos was significantly more expressed compared with the other 
groups in the ARC (94.33 ± 24.97; P = 0.002 vs. Cold exposure, P = 0.003 vs. Fasting, P < 0.001 vs. Control), 
in the PVH (71.63 ± 15.40; P = 0.002 vs. Cold exposure, P < 0.001 vs. Fasting and vs. Control), and in DMH 
(69.83 ± 5.47; P < 0.001 for all comparisons) (Fig. 1). Within the ARC, there were significantly more c-Fos posi-
tive neurons (P = 0.048) in the Fasting group (41.46 ± 7.53) compared to the Control group (13.06 ± 2.83).
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c-Fos expression within the LH, the LPB, and the VLPAG appears to be stimulated by cold exposure. In all 
these regions c-Fos positive cell count was higher in the Torpor group (LH: P = 0.02; LPB: P < 0.001; VLPAG: 
P = 0.01; vs. Fasting group) and in the Cold Exposure group (P < 0.001 vs. Control group for all comparisons). As 
expected, no c-Fos was detected in the RPa during torpor (Supplementary Fig. S1).

c-fos/ctb positive neurons. No significant differences were detected in the distribution of CTb across the 
experimental groups (Fig. 2). In the Torpor group, the only region showing a significant increase in c-Fos positive 
neurons projecting to the RPa compared to the other groups was the DMH (9.45 ± 0.29; P = 0.012 vs. Cold expo-
sure, P = 0.002 vs. Fasting, P < 0.001 vs. Control) (Figs 3 and 4).

Figure 1. Average number (for slices of tissue) of c-Fos positive neurons in different brain regions. 
(LPB = Lateral Parabrachial Nucleus, VLPAG = Ventrolateral Periaqueductal Gray, DMH = Dorsomedial 
Hypothalamus, ARC = Arcuate Nucleus, LH = Lateral Hypothalamus, PVH = Paraventricular Nucleus of the 
Hypothalamus). *p < 0.05 vs. Control; §p < 0.05 vs. Fasting group; #p < 0.05 vs. all other conditions.

Figure 2. Average number (for slices of tissue) of CTb positive neurons in different brain regions. 
(LPB = Lateral Parabrachial Nucleus, VLPAG = Ventrolateral Periaqueductal Gray, DMH = Dorsomedial 
Hypothalamus, ARC = Arcuate Nucleus, LH = Lateral Hypothalamus, PVH = Paraventricular Nucleus of the 
Hypothalamus). *p < 0.05 vs. Control; §p < 0.05 vs. Fasting group; #p < 0.05 vs. all other conditions.

Figure 3. Average number (for slices of tissue) of CTb/c-Fos positive neurons in different brain regions. 
(LPB = Lateral Parabrachial Nucleus, VLPAG = Ventrolateral Periaqueductal Gray, DMH = Dorsomedial 
Hypothalamus, ARC = Arcuate Nucleus, LH = Lateral Hypothalamus, PVH = Paraventricular Nucleus of the 
Hypothalamus). *p < 0.05 vs. Control; §p < 0.05 vs. Fasting group; #p < 0.05 vs. all other conditions.
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Within the PVH, significantly more RPa-projecting/c-Fos-positive neurons were present in the Torpor group 
(2.45 ± 0.12) compared to the Fasting group (0.1 ± 0.0; P = 0.025) and the Control group (0.07 ± 0.0; P = 0.012), 
but not in comparison with the Cold Exposure group (1.32 ± 0.2) (Figs 3 and 5). The VLPAG also showed a 
significant (P = 0.006), although modest, increase in torpor-related c-Fos/CTb positive neurons (3.42 ± 0.62) 
compared to the Control group (0.82 ± 0.36). No significant c-Fos/CTb positive neurons were observed in the 
ARC (Supplementary Fig. S2).

neurochemical characterization. In order to identify the neurochemical phenotype of the torpor-related 
neurons projecting to the RPa, we proceeded to perform the following stains in selected hypothalamic areas 
(Table 1):

 (1) MCH in LH. No triple-stained neurons were observed in the Lateral Hypothalamus (Supplementary 
Fig. S3).

 (2) Orexin in LH. Both in the Torpor group and in the Fasting group, orexin/c-Fos/CTb positive neurons were 
observed in the LH area, as were Orexin/c-Fos positive neurons. In the Cold Exposure group, only Orex-
in/c-Fos positive neurons were detected (Fig. 6).

 (3) ChAT in DMH. CTb was clearly expressed in neurons within the DMH, but in these neurons there was no 
colocalization with ChAT and c-Fos (Fig. 7).

Figure 4. Panel A: exemplificative slices stained for c-Fos (green) and CTb (yellow) in the Dorsomedial 
Hypothalamus (DMH) in the four experimental groups; panel B: enlarged images of neurons stained for cFos 
(on the left), for CTb (in the center), and the merging of the previous two (on the right). 3 V = Third Ventricle. 
Horizontal bar = 50 µm.
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 (4) TH in PVH. No neurons expressed TH and CTb or c-Fos (Supplementary Fig. S4).
 (5) POMC in ARC. POMC-expressing neurons were not positive for either CTb or c-Fos (Supplementary 

Fig. S5).
 (6) Oxytocin in PVH. No neurons expressed Oxytocin; neither were CTb or c-Fos expressed (Supplementary 

Fig. S6).

Discussion
The main result of this study is the identification of a neural network which is active at torpor onset in mice. This 
supports the hypothesis that torpor onset is neurally mediated, possibly through a direct modulation of the RPa, 
a key thermoregulatory area in the brainstem.

The protocol used to induce torpor combines two different stimuli, one tonic, fasting, and one phasic, cold 
exposure. The pattern of neuronal activation in these different conditions provides useful information regarding 
the processing of these two signals at the hypothalamic level, either independently or combined, in the induction 
of torpor.

The hypothalamic areas where the neurons that are selectively activated at torpor onset appear to be located 
are the ARC, the DMH, and the PVH. Among the activated neurons, the latter two regions also display a sub-
group of neurons that directly project to the RPa.

The Arcuate nucleus is an area that is critically involved in food intake control15. Neurons in this area tonically 
express c-Fos during fasting, somehow in correlation with the sense of hunger16. From our data, in the Fasting 
group, there are, in fact, significantly more c-Fos positive neurons within the ARC compared to the Control 
group. It is, therefore, interesting that c-Fos positive neurons in the Torpor group are significantly higher in num-
ber than in the Fasting group. The addition of cold exposure to fasting in the Torpor group induced the activation 
of more ARC neurons on top of those activated by the tonic fasting only in the Fasting group; these neurons were 
apparently not induced by the cold exposure alone in the Cold exposure group, since the number of activated 
neurons in this group was not significantly higher than in the Control group. These neurons may be key to the 
induction of torpor. Considering that, within the ARC, fasting induces c-Fos expression in 25% of the NPY neu-
rons16, and that NPY was shown to have a relevant role in modulating torpor17,18, it is possible to hypothesize that 
the extra ARC c-Fos neurons in the torpor group may well produce NPY, suggesting that torpor can be triggered 
only when a certain amount of NPY are activated.

At torpor onset, the Paraventricular nucleus also showed a large increase in c-Fos positive neurons that appear 
to be neither oxytocinergic nor THergic. In rats, the activation of neurons within the PVH was reported to inhibit 

Figure 5. Exemplificative slices stained for c-Fos (green) and CTb (yellow) in the Paraventricular Nucleus of 
the Hypothalamus (PVH) in the four experimental groups. 3 V = Third Ventricle. Horizontal bar = 50 µm.
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the cold-induced activation of the brown adipose tissue19, supporting the hypothesis that neurons within this 
region can, directly or indirectly, inhibit thermogenesis and act as a node in the torpor-inducing network.

The Dorsomedial Hypothalamus is a key relay in transmitting thermoregulatory commands from hierarchi-
cally higher centres to the RPa20. In rats, activation of DMH neurons increases body temperature and heart rate21, 
but, in mice, a group of DMH neurons expressing ACh and projecting directly to the RPa was found to inhibit 
thermogenesis22. Even if, in anaesthetized rats, this pathway was shown to be tonically active23, it could be a pos-
sible candidate for a torpor-inducing pathway. DMH resulted as the only region showing a significantly higher 
number of c-Fos-positive neurons projecting to RPa in the torpor group compared to each of the three “control” 
groups; however, these neurons do not express ACh, ruling out the hypothesis that this pathway was mediating 
the entrance into torpor. Despite not being AChergic, we propose that this DMH-RPa projection is the pathway 
that is responsible for the inhibition of thermogenesis and entrance into torpor.

Acute cold exposure also activated several different areas, which do not appear to be specifically involved in 
torpor onset: the LPB, the VLPAG, and the LH.

MCH - LH OREXIN -LH ChAT - DMH TH - PVH OXYTOCIN - PVH POMC - ARC

X-c-
Fos

X-c-
Fos-
CTb X-CTb

X-c-
Fos

X-c-
Fos-
CTb X-CTb

X-c-
Fos

X-c-
Fos-
CTb X-CTb

X-c-
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X-c-
Fos-
CTb X-CTb

X-c-
Fos

X-c-
Fos-
CTb X-CTb

X-c-
Fos

X-c-
Fos-
CTb X-CTb

TORPOR − − − + + + − − + - − − − − - − − −

COLD-FED − − − + − + − − + − − − − − − − − −

WARM-FASTED − − − + + + − − + − − − − − − − − −

CONTR OL − − − − − + − − + − − − − − − − − −

Table 1. Presence (+) or absence (−) of staining for Melanin Concentrating Hormone (MCH), Orexin, 
Choline acetyltransferase (ChAT), Tyrosine Hydroxylase (TH), Oxytocin, and Proopiomelanocortin 
(POMC) combined with c-Fos, Colerotoxin (CTb), or both in specific nuclei in all the experimental groups. 
(LH = Lateral Hypothalamus, DMH = Dorsomedial Hypothalamus, PVH = Paraventricular Nucleus of the 
Hypothalamus, ARC = Arcuate Nucleus).

Figure 6. Exemplificative slices stained for c-Fos (green), CTb (yellow) and Orexin (red) in the Lateral 
Hypothalamus (LH) in the four experimental groups. Orx = Orexin. Horizontal bar = 50 µm.
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The LPB was shown to directly process cold sensory inputs from the skin and to provide the hypothalamus 
with the resulting information24. Since, in our torpor model, cold exposure acted as a trigger, it is likely that LPB 
efference can, in a fasting animal, activate entrance into torpor instead of cold defence, similarly to what has been 
described as “thermoregulatory inversion” by Tupone and co-workers25.

The VLPAG has been shown to be anatomically and functionally connected with hypothalamic thermoregu-
latory centers26–30, but the role of this area in the control of body temperature is not wholly clear at the moment. It 
is interesting to note that within the VLPAG a small group of neurons is located that is active at torpor onset and 
projects to the RPa; these neurons may potentially be part of the torpor network.

The Lateral Hypothalamus is a variegated area involved in many physiological functions, including sleep31, 
food intake32, and thermoregulation33. Considering this area as a whole, the increase in the number of c-Fos 
positive neurons both in the Cold Exposure group and in the Torpor group suggests that the role of this area 
during torpor may somehow be linked to some residual thermoregulatory function. Some features of torpor 
could, indeed, be interpreted as the result of the activity of cold-activated ascending pathways. The EEG rhythm 
in torpor, for instance, differs from the traditional slow wave pattern typical of NREM sleep: prominent EEG 
frequencies slow down with the decreasing temperature34, possibly resembling the wake-like desynchronized 
pattern which characterizes wakefulness. Within the LH, the orexinergic neurons are involved in the promotion 
of wakefulness35,36, food intake37, and thermogenesis38. In rats, orexin microinjection within the RPa can further 
stimulate an already active thermogenic drive38, but, in our experiment, no c-Fos-positive, RPa projecting, orex-
inergic neurons were found in the Cold exposure group. Surprisingly, these triple-stained neurons were found 
both in the Fasting, and in the Torpor group. This suggests that the Orexin-RPa projecting neurons play a role 
that is more related to the modulation of hunger or food-seeking behavior39 than to thermoregulation. The brain 
area where orexin acts in order to stimulate food intake has not yet been identified, but the region of the RPa has 
been suggested as a possible candidate40.

In conclusion, several groups of neurons, mostly at a hypothalamic level, were identified as being specifically 
active at torpor-onset, providing the first detailed description of the network which may be responsible for the 
neuronal control of this state. The understanding of the characteristics of these neurons may pave the way for the 
identification of new possible pharmacological targets to mimic torpor, or to induce a state of synthetic torpor in 
non-hibernators41.

Methods
ethical approval. All the experiments were conducted following approval by the National Health Authority 
(decree: No.141/2018 - PR/AEDB0.8.EXT.4), in accordance with the DL 26/2014 and the European Union 
Directive 2010/63/EU, and under the supervision of the Central Veterinary Service of the University of Bologna. 
All efforts were made to minimize the number of animals used and their pain and distress.

Housing and surgery. Experiments were performed on 28 C57BL/6J wild-type female mice (it is well 
known that female mice are more susceptible to entering torpor than males) of 13–15 weeks old (The Jackson 
Laboratory), each weighing approximately 17–24 g. After their arrival, animals were housed for one week under 
standard laboratory conditions: light-dark cycle (LD cycle) 12 h:12 h (L 09:00–21:00) with ad libitum access to 
food (4RF21 diet, Mucedola, Settimo Milanese, Italy) and water, at an ambient temperature (Ta) of 25 ± 1 °C.

According to Oelkrug and colleagues (Oelkrug et al., 2011), when mice that are adapted to a neutral ambient 
temperature are deprived of food for 36 hours and then acutely exposed to a low ambient temperature, they dis-
play torpor shortly after (with longer bouts in dark phases). A similar protocol for torpor induction was observed 
here; after one week of adaptation to standard laboratory conditions, mice were moved to a different room, with 
the same ambient conditions as before, apart from the Ta (28 ± 1 °C) and the 12:12 LD cycle with lights on at 
3 pm (i.e., Zeitgeber Time 0, ZT 0), that was shifted in order to create favorable conditions for inducing torpor at 

Figure 7. Exemplificative slice stained for c-Fos(green), CTb(yellow) and ChAT(red) in the Dorsomedial 
Hypothalamus (DMH) in the torpor group. 3 V = Third Ventricle; ChAT = Choline acetyltransferase. 
Horizontal bar = 50 µm.
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around ZT 20, corresponding to the 8th hour of the D period. Mice were kept under these laboratory conditions 
for two weeks. After this period of time they underwent surgery.

Mice were first anaesthetized with isoflurane 1–2% (Abbott S.p.a., Pomezia Roma, Italy, in pure oxygen) and 
injected with 200 μl of Rimadyl (Carprofen 5 mg/ml, Pfizer), and then positioned on a stereotaxic frame (Kopf 
instruments) not endowed with a gas delivery system; from that moment on, the anaesthetic was administered 
intraperitoneally (Ketamine, Imalgene 1000, Merial 100 mg/kg and xylazine, Xilor, Bio 98 Srl, 20 mg/kg). Once a 
good and stable electrocardiogram (ECG) signal was obtained via non-invasive electrodes, a glass micropipette, 
previously filled with N-methyl-d-aspartate (NMDA)(0.2 nM) was stereotaxically inserted in the RPa, −6.3 mm 
posterior to bregma, 0.0 mm lateral to the midline, −5.2 mm ventral to the dorsal surface of the cerebellum. The 
DV coordinate was then functionally tested by microinjecting NMDA. The approximate injected total volume 
was about 60 nl.

Since the NMDA delivered in the RPa should cause a consistent, rapid and reversible increase in heart rate19, 
the position of the micropipette was considered correct if this event occurred within two minutes from the end of 
the injection. In the eventuality of no physiological response to the drug, the micropipette was removed, and the 
coordinates were adjusted. We performed a maximum of three attempts for any one mouse. After obtaining a suc-
cessful RPa localization, the pipette was removed and filled with a solution containing a monosynaptic retrograde 
tracer (Cholera Toxin b, CTb, 1 mg/ml), with fluorescent microbeads (Fluospheres carboxylate - modified, 0.1μm, 
red (580/605), Life Technologies, diluted 1:10, 2 μl in 50 μl of CTb) added in order to allow for post-mortem local-
ization of the injection site. The micropipette was inserted again in the brain, and the second injection procedure 
was carried out as described above. In spite of a somehow positive functional response to the NMDA test, as 
described later in the immunohistochemistry section, in 8 animals the location of CTb was suboptimal. In Fig. 8 
is shown the effect induced by NMDA injection in the RPA on HR in animals (n = 20) with a correct localization 
of CTb, and with a suboptimal localization of the injection (n = 8). An example of a correct and not correct CTb 
injection is shown in Fig. 9.

The skin surface was sutured, and mice were administered with broad spectrum antibiotic (30 μl of veter-
inary Rubrocillin, Intervet, Schering-Plough Animal Health, Milano; benzathine benzylpenicillin 12500 U.I./
kg + dihydrostreptomycin sulphate 5 mg/kg: 140 U.I./mouse + 60 μg/mouse diluted in 800 μl of saline solution). 
The animals were kept under observation until the appearance of the first signs of recovery from general anaes-
thesia and then placed in their cage and back to the LD switched (ZT = 0 at 3 pm) and Ta = 28 °C, for a week, to 
recover from surgery. The animals’ pain, distress, or suffering symptoms were constantly monitored and evaluated 
using the Humane End Point (HEP) criteria.

torpor protocol. Mice were divided into four experimental groups (Fig. 10):

 (i) Torpor (n = 5): animals underwent fasting for 36 hours at Ta 28 °C, and, still with no access to food, on the 
experimental day (at ZT = 18.00, i.e. 9.00 am), acutely exposed to a lower Ta (15 °C), by moving their own 
cage to a different thermoregulated box, at Ta = 15 °C. The 36-h fasting combined with the acute exposure 
to a lower Ta (15 °C) caused the appearance of torpor, usually within 90–120 minutes (ZT = 19.30–20.00, 
approximately) (Fig. 4).

Figure 8. NMDA injection in the Raphe Pallidus. Average effect (mean ± SEM) induced by a microinjection 
of 60 nl of NMDA 0.2 nM within the Raphe Pallidus in anaesthetized mice. Solid circles referred to the group of 
animals with a correct location of the CTb tracer within the Raphe Pallidus (n = 20); Empty circles referred to 
animals with a suboptimal localization of the CTb tracer within the RPa (n = 8).
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 (ii) Cold exposure (n = 5): these mice were exposed for 36 h to Ta 28 °C and acutely exposed on the experi-
mental day (at ZT = 18) to a lower Ta (15 °C). Food and water were always available ad lib. None of them 
displayed a torpid state.

 (iii) Fasting (n = 10): These mice were deprived of food for 36 hours, and not exposed to a low Ta. None of them 
displayed a torpid state.

 (iv) Control (n = 8): Mice were maintained at Ta 28 °C with food and water ad lib. for the entire duration of the 
experiment. None of them displayed a torpid state.

After confirming the presence of torpor (usually around 10.30–11.00 am) in the Torpor group, by visually 
observing the infrared images of the mouse recorded by an infrared thermal camera (Thermovision A20, Flir 
Systems) positioned above the experimental cage (Fig. 11), the condition was maintained and constantly mon-
itored for 90 minutes. This time span was used because the expression of the early gene c-Fos reaches its peak 
within 90 minutes42. For the other three groups, the time frames were adjusted according to those of the Torpor 
group, to avoid any circadian discrepancy. Mice were then perfused (paraformaldehyde 4%) and brains were 
extracted for immunohistochemical analysis.

Since the rationale of the experiment is based on the idea that RPa neurons are inhibited during torpor, two 
non-operated mice were perfused after 1,5 and 6 hours in torpor that had been induced using the same protocol 
used for the Torpor group, in order to assess whether the RPa is active during torpor.

immunohistochemistry. In correspondence with the experimental conditions chosen, under general anes-
thesia mice were transcardially perfused with 50 ml of saline solution (NaCl 0,9%, w/v) followed by an equal 

Figure 9. Cholera toxin B injection in the Raphe Pallidus. An example of a correct injection of the retrograde 
tracer Cholera toxin B subunit (CTb) within the Raphe Pallidus (RPa) (right), and of a discated injection (left). 
Py = Pyramids. Horizontal bar = 50 µm.

Figure 10. Protocol. Experimental protocol for the four experimental groups (Torpor, Cold exposure, Fasting, 
and Control).

https://doi.org/10.1038/s41598-019-51841-2
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amount of 4% (w/v) paraformaldehyde solution in sodium phosphate buffer (PBS). Brains were extracted and 
post-fixed for 2 hours by immersion in the same perfusion solution. Then samples were put in a 30% (w/v) 
sucrose solution in PBS and sodium-azide 0,02% (w/v) overnight for cryoprotection. Hereafter, tissue samples 
were embedded in a cryostat cutting medium (Killik) and cut into 35 µm-thick slices in a cryostat-microtome 
(Frigocut 2800), kept at −22,0 °C. All the slices were then stored, until analyzed, at −80 °C in a cryoprotectant 
solution: 30% (w/v) sucrose, 30% (v/v) ethylene glycol, 1% (w/v) polyvinylpyrrolidone in PBS.

The following neuronal structures were analyzed, considered from caudal to rostral direction: Lateral 
Parabrachial Nucleus (LPB); Ventrolateral part of the Periaqueductal Gray matter (VLPAG); Lateral 
Hypothalamus (LH); Arcuate Nucleus of the Hypothalamus (Arc); Dorsomedial Nucleus of the Hypothalamus 
(DMH); Paraventricular Nucleus of the Hypothalamus (PVH).

Two steps of immunohistochemistry were carried out: i) firstly, staining c-Fos expression together with CTb 
to find the neuronal nuclei that were activated and that, potentially, projected to the RPa; ii) with a special focus 
on the specifically-activated structures found in the previous step, activated neurons were phenotypically studied.

For both steps, a sample of 1 out of 6 slices of the whole brain were used for immunostaining. Every slice set 
was rinsed twice in PBS and then incubated at room temperature for 2 hours in 1% (v/v) normal donkey serum 
blocking solution.

first step – c-fos/ctb. Of the 28 animals used, 8 showed a suboptimal localization of the CTb and were 
excluded from this part of the study, therefore number of animal for each group changed to: Torpor n = 4, Fasting 
n = 4, Cold Exposure n = 4, Control n = 8. Following the blocking solution, all slices were incubated at room 

Figure 11. Cutaneous temperature recording during torpor. (A) Exemplificative thermographic images taken 
every hour from the exposure to the 15 °C environment. Top mouse, black arrow = Torpor group; bottom 
mouse, grey arrow = Cold exposure group. (B) An example of the recording of the maximum value of skin 
temperature during the experimental day, monitored by means of a thermal camera positioned above the cage. 
Changes induced by the exposure to a 15 °C environment (at 9:00) are shown in the Torpor group (black) and in 
the Cold exposure group (gray).
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temperature overnight with the following primary antibodies: i) goat Anti-CTb (List Biological Laboratories); ii) 
rabbit Anti-c-Fos (Calbiochem). Both primary antibodies were diluted at 1:10000. Slices were then rinsed twice 
in PBS with 0,3% (v/v) Triton X-100 and incubated at room temperature for 2 hours with the following secondary 
antibodies: i) Donkey Anti-goat IgG conjugated with Alexa-555 (Thermo Fisher); ii) Donkey Anti-rabbit IgG 
conjugated with Alexa-488 (Thermo Fisher). Both secondary antibodies were diluted at 1:500. Finally, tissue 
slices were mounted on coated glass slices and coverslipped with an anti-fade mounting medium (ProLong Gold 
mountant; Thermo Fisher).

Second step – neuronal typization. For this step, considering that some primary antibodies were from 
the same host, after the first blocking solution triple-staining was carried out as follows:

 1. Slices were incubated overnight at room temperature with the following primary antibodies: for Arc, rabbit 
Anti-pro-opiomelanocortin (POMC; Phoenix Pharmaceuticals; 1:500); for LH, rabbit Anti-melanin con-
centrating hormone (MCH; Phoenix Pharmaceuticals; 1:5000) or rabbit Anti-orexin A (Orx; Calbiochem; 
1:5000); for PVH, monoclonal rabbit Anti-oxytocin (Oxt; abcam; 1:1000).

 2. Slices were then rinsed twice in PBS with 0,3% (v/v) Triton X-100 and incubated for 2 hours with Donkey 
Anti-rabbit IgG conjugated with Alexa-594 (Thermo Fisher; 1:500).

 3. Slices were then rinsed twice in PBS with 0,3% (v/v) Triton X-100 and incubated for 2 hours in 3% (v/v) 
normal rabbit serum.

 4. Slices were then rinsed twice in PBS with 0,3% (v/v) Triton X-100 and incubated overnight at room tem-
perature with donkey Anti-rabbit monovalent Fab fragment (Jackson ImmunoResearch Lab; 1:50).

 5. Slices were then rinsed twice in PBS with 0,3% (v/v) Triton X-100 and incubated overnight at room tem-
perature with: i) goat Anti-CTb (List Biological Laboratories; 1:10000); ii) rabbit Anti-c-Fos (Calbiochem; 
1:10000).

 6. Slices were then rinsed twice in PBS with 0,3% (v/v) Triton X-100 and incubated for 2 hours at room 
temperature with Donkey Anti-rabbit IgG conjugated with Alexa-488 (Thermo Fisher; 1:500) and Donkey 
Anti-goat IgG conjugated with Alexa-555 (Thermo Fisher; 1:500).

 7. Finally, tissue slices were mounted on coated glass slices and coverslipped with an anti-fade mounting 
medium (ProLong Gold mountant; Thermo Fisher).

This staining protocol was also carried out on the DMH, but with a goat Anti-choline acetyltransferase (ChAT; 
Merk-Millipore) as the first primary antibody and a normal goat serum 3% (v/v) for the saturation step (i.e., the 
previous point 3).

For the PVH, as the first primary antibody a mouse-Anti tyrosine hydroxylase (TH; Immunostar) was used. 
Since, in this case, there was no host overlapping, no saturation steps (i.e., the previous points 3 and 4) were car-
ried out. In any case, in order to limit possible interactions among the different primary antibodies, the procedure 
followed the two steps described above: Anti-TH – Alexa-594 – Anti-c-Fos/Anti-CTb – Alexa 488/555.

image acquisition and analysis. Images were obtained with a Nikon eclipse 80i equipped with Nikon 
Digital Sight DS-Vi1 color camera, at 200x magnification. Each microscopic field of interest was acquired in 
separate pictures, one per fluorochrome used. Multiple-staining pictures were obtained off-line by merging the 
different single-stained pictures.

Positive immunoreactions and multiple staining were counted using ImagePro Analyzer 7.0 (Media 
Cybernatics). Considering the 1 out of 6 slices taken for each animal, all the brain slices presenting the neuronal 
structures of interest were counted and averaged. Therefore, for each structure, every animal provided a mean 
value per slice, that was averaged with the same values obtained from the other animals belonging to the same 
experimental condition.

Statistical analysis. Data were analyzed separately for each brain structure considered. Statistical analysis 
was carried out only on cFos and CTb data, using a one-way ANOVA (SPSS 25.0), considering the experimental 
conditions as the between-groups parameter. To compare means of the different experimental groups a modified 
t-test (t*)43. was used, considering the following comparisons: Torpor group vs. all the other experimental condi-
tions, Control vs. Cold Exposure group and Control vs. Fasting group. Significance level was pre-set at p < 0.05.

The datasets generated and/or analysed during the current study are available from the corresponding author 
upon reasonable request.
Received: 1 August 2019; Accepted: 28 September 2019;
Published: xx xx xxxx

References
 1. Heldmaier, G., Ortmann, S. & Elvert, R. Natural hypometabolism during hibernation and daily torpor in mammals. Respir Physiol 

Neurobiol 141, 317–29 (2004).
 2. van Breukelen, F. & Martin, S. L. The Hibernation Continuum: Physiological and Molecular Aspects of Metabolic Plasticity in 

Mammals. Physiology (Bethesda) 30, 273–81 (2015).
 3. Geiser, F. Hibernation. Curr Biol 23, R188–93 (2013).
 4. Hudson, J. W. & Scott, I. M. Daily Torpor in the Laboratory Mouse, Mus musculus Var. Albino. Physiological Zoology 52, 205–2018 

(1979).
 5. Jensen, T. L., Kiersgaard, M. K., Sorensen, D. B. & Mikkelsen, L. F. Fasting of mice: a review. Lab Anim 47, 225–40 (2013).
 6. Hut, R. A., Pilorz, V., Boerema, A. S., Strijkstra, A. M. & Daan, S. Working for food shifts nocturnal mouse activity into the day. PLoS 

One 6, e17527 (2011).

https://doi.org/10.1038/s41598-019-51841-2


1 1Scientific RepoRtS |         (2019) 9:15462  | https://doi.org/10.1038/s41598-019-51841-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

 7. Oelkrug, R., Heldmaier, G. & Meyer, C. W. Torpor patterns, arousal rates, and temporal organization of torpor entry in wildtype and 
UCP1-ablated mice. J Comp Physiol B 181, 137–45 (2011).

 8. Lo Martire, V. et al. Changes in blood glucose as a function of body temperature in laboratory mice: implications for daily torpor. 
Am J Physiol Endocrinol Metab 315, E662–E670 (2018).

 9. Morrison, S. F. Efferent neural pathways for the control of brown adipose tissue thermogenesis and shivering. Handb Clin Neurol 
156, 281–303 (2018).

 10. Fan, W., Morrison, S. F., Cao, W. H. & Yu, P. Thermogenesis activated by central melanocortin signaling is dependent on neurons in 
the rostral raphe pallidus (rRPa) area. Brain Res 1179, 61–9 (2007).

 11. Cerri, M. et al. Cutaneous vasodilation elicited by disinhibition of the caudal portion of the rostral ventromedial medulla of the 
free-behaving rat. Neuroscience 165, 984–95 (2010).

 12. Blessing, W. W. Lower brainstem pathways regulating sympathetically mediated changes in cutaneous blood flow. Cell Mol Neurobiol 
23, 527–38 (2003).

 13. Brown, J. W., Sirlin, E. A., Benoit, A. M., Hoffman, J. M. & Darnall, R. A. Activation of 5-HT1A receptors in medullary raphe disrupts 
sleep and decreases shivering during cooling in the conscious piglet. Am J Physiol Regul Integr Comp Physiol 294, R884–94 (2008).

 14. McAllen, R. M. et al. Human medullary responses to cooling and rewarming the skin: a functional MRI study. Proc Natl Acad Sci 
USA 103, 809–13 (2006).

 15. Joly-Amado, A. et al. The hypothalamic arcuate nucleus and the control of peripheral substrates. Best Pract Res Clin Endocrinol 
Metab 28, 725–37 (2014).

 16. Wu, Q. et al. The temporal pattern of cfos activation in hypothalamic, cortical, and brainstem nuclei in response to fasting and 
refeeding in male mice. Endocrinology 155, 840–53 (2014).

 17. Gluck, E. F., Stephens, N. & Swoap, S. J. Peripheral ghrelin deepens torpor bouts in mice through the arcuate nucleus neuropeptide 
Y signaling pathway. Am J Physiol Regul Integr Comp Physiol 291, R1303–9 (2006).

 18. Dark, J. & Pelz, K. M. NPY Y1 receptor antagonist prevents NPY-induced torpor-like hypothermia in cold-acclimated Siberian 
hamsters. Am J Physiol Regul Integr Comp Physiol 294, R236–45 (2008).

 19. Madden, C. J. & Morrison, S. F. Neurons in the paraventricular nucleus of the hypothalamus inhibit sympathetic outflow to brown 
adipose tissue. Am J Physiol Regul Integr Comp Physiol 296, R831–43 (2009).

 20. Madden, C. J. & Morrison, S. F. Central nervous system circuits that control body temperature. Neurosci Lett 696, 225–232 (2019).
 21. Bailey, T. W. & Dimicco, J. A. Chemical stimulation of the dorsomedial hypothalamus elevates plasma ACTH in conscious rats. Am 

J Physiol Regul Integr Comp Physiol 280, R8–15 (2001).
 22. Jeong, J. H. et al. Cholinergic neurons in the dorsomedial hypothalamus regulate mouse brown adipose tissue metabolism. Mol 

Metab 4, 483–92 (2015).
 23. Conceicao, E. P. S., Madden, C. J. & Morrison, S. F. Tonic inhibition of brown adipose tissue sympathetic nerve activity via 

muscarinic acetylcholine receptors in the rostral raphe pallidus. J Physiol 595, 7495–7508 (2017).
 24. Nakamura, K. & Morrison, S. F. A thermosensory pathway that controls body temperature. Nat Neurosci 11, 62–71 (2008).
 25. Tupone, D., Cano, G. & Morrison, S. F. Thermoregulatory inversion: a novel thermoregulatory paradigm. Am J Physiol Regul Integr 

Comp Physiol 312, R779–R786 (2017).
 26. Rizvi, T. A., Ennis, M. & Shipley, M. T. Reciprocal connections between the medial preoptic area and the midbrain periaqueductal 

gray in rat: a WGA-HRP and PHA-L study. J Comp Neurol 315, 1–15 (1992).
 27. Thompson, R. H. & Swanson, L. W. Structural characterization of a hypothalamic visceromotor pattern generator network. Brain 

Res Brain Res Rev 41, 153–202 (2003).
 28. Uschakov, A., McGinty, D., Szymusiak, R. & McKinley, M. J. Functional correlates of activity in neurons projecting from the lamina 

terminalis to the ventrolateral periaqueductal gray. Eur J Neurosci 30, 2347–55 (2009).
 29. de Menezes, R. C., Zaretsky, D. V., Fontes, M. A. & DiMicco, J. A. Cardiovascular and thermal responses evoked from the 

periaqueductal grey require neuronal activity in the hypothalamus. J Physiol 587, 1201–15 (2009).
 30. de Git, K. C. G. et al. Anatomical projections of the dorsomedial hypothalamus to the periaqueductal grey and their role in 

thermoregulation: a cautionary note. Physiol Rep 6, e13807 (2018).
 31. Yamashita, T. & Yamanaka, A. Lateral hypothalamic circuits for sleep-wake control. Curr Opin Neurobiol 44, 94–100 (2017).
 32. Arrigoni, E., Chee, M. J. S. & Fuller, P. M. To eat or to sleep: That is a lateral hypothalamic question. Neuropharmacology (2018).
 33. Morrison, S. F., Madden, C. J. & Tupone, D. Central neural regulation of brown adipose tissue thermogenesis and energy 

expenditure. Cell Metab 19, 741–756 (2014).
 34. Krauchi, K. & Deboer, T. The interrelationship between sleep regulation and thermoregulation. Front Biosci (Landmark Ed) 15, 

604–25 (2010).
 35. Alexandre, C., Andermann, M. L. & Scammell, T. E. Control of arousal by the orexin neurons. Curr Opin Neurobiol 23, 752–9 (2013).
 36. de Lecea, L. Optogenetic control of hypocretin (orexin) neurons and arousal circuits. Curr Top. Behav Neurosci 25, 367–78 (2015).
 37. Choi, D. L., Davis, J. F., Fitzgerald, M. E. & Benoit, S. C. The role of orexin-A in food motivation, reward-based feeding behavior and 

food-induced neuronal activation in rats. Neuroscience 167, 11–20 (2010).
 38. Tupone, D., Madden, C. J., Cano, G. & Morrison, S. F. An orexinergic projection from perifornical hypothalamus to raphe pallidus 

increases rat brown adipose tissue thermogenesis. J Neurosci 31, 15944–55 (2011).
 39. Yamanaka, A. et al. Hypothalamic orexin neurons regulate arousal according to energy balance in mice. Neuron 38, 701–13 (2003).
 40. Zheng, H., Patterson, L. M. & Berthoud, H. R. Orexin-A projections to the caudal medulla and orexin-induced c-Fos expression, 

food intake, and autonomic function. J Comp Neurol 485, 127–42 (2005).
 41. Cerri, M. The Central Control of Energy Expenditure: Exploiting Torpor for Medical Applications. Annu Rev Physiol 79, 167–186 

(2017).
 42. Kovacs, K. J. Measurement of immediate-early gene activation- c-fos and beyond. J Neuroendocrinol 20, 665–72 (2008).
 43. Holm, S. A simple sequentially rejective multiple test procedure. Scand J Stat 6, 65–70 (1979).

Acknowledgements
This research was supported by funding from the University of Bologna (RFO 2018) and the European Space 
Agency (Research agreement collaboration 4000123556). The author wish to thank Ms. Melissa Stott for 
reviewing the English, and Dr. Arrigo Bondi, former director of the Operative Unit of Pathologic Anatomy, 
Ospedale Maggiore, Bologna (Italy), for making available a fluorescence microscope.

Author contributions
M.C. made substantial contributions to the conception of the work. T.H., R.A. and M.C. made substantial 
contributions to the design of the work. T.H., M.L., S.B., F.S., C.B. and V.L.M. made substantial contributions to 
the acquisition of data. T.H., M.L., F.S. and A.O. made substantial contributions to the analysis of data. T.H., M.L., 
D.M., D.T., R.A. and M.C. made substantial contributions to the interpretation of data. M.C., R.A., M.L., T.H. and 
G.Z. drafted the work.

https://doi.org/10.1038/s41598-019-51841-2


1 2Scientific RepoRtS |         (2019) 9:15462  | https://doi.org/10.1038/s41598-019-51841-2

www.nature.com/scientificreportswww.nature.com/scientificreports/

competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-51841-2.
Correspondence and requests for materials should be addressed to M.C.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-51841-2
https://doi.org/10.1038/s41598-019-51841-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Neural control of fasting-induced torpor in mice

	Results

	c-Fos expression. 
	c-Fos/CTb positive neurons. 
	Neurochemical characterization. 

	Discussion

	Methods

	Ethical approval. 
	Housing and surgery. 
	Torpor protocol. 
	Immunohistochemistry. 
	First step – c-Fos/CTb. 
	Second step – neuronal typization. 
	Image acquisition and analysis. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Average number (for slices of tissue) of c-Fos positive neurons in different brain regions.
	Figure 2 Average number (for slices of tissue) of CTb positive neurons in different brain regions.
	Figure 3 Average number (for slices of tissue) of CTb/c-Fos positive neurons in different brain regions.
	Figure 4 Panel A: exemplificative slices stained for c-Fos (green) and CTb (yellow) in the Dorsomedial Hypothalamus (DMH) in the four experimental groups panel B: enlarged images of neurons stained for cFos (on the left), for CTb (in the center), and the 
	Figure 5 Exemplificative slices stained for c-Fos (green) and CTb (yellow) in the Paraventricular Nucleus of the Hypothalamus (PVH) in the four experimental groups.
	Figure 6 Exemplificative slices stained for c-Fos (green), CTb (yellow) and Orexin (red) in the Lateral Hypothalamus (LH) in the four experimental groups.
	Figure 7 Exemplificative slice stained for c-Fos(green), CTb(yellow) and ChAT(red) in the Dorsomedial Hypothalamus (DMH) in the torpor group.
	Figure 8 NMDA injection in the Raphe Pallidus.
	Figure 9 Cholera toxin B injection in the Raphe Pallidus.
	Figure 10 Protocol.
	Figure 11 Cutaneous temperature recording during torpor.
	Table 1 Presence (+) or absence (−) of staining for Melanin Concentrating Hormone (MCH), Orexin, Choline acetyltransferase (ChAT), Tyrosine Hydroxylase (TH), Oxytocin, and Proopiomelanocortin (POMC) combined with c-Fos, Colerotoxin (CTb), or both in speci




