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Abstract

Purpose Photoperiod determines the metabolic activity of brown adipose tissue (BAT) and affects the food intake and
body mass of mammals. Sympathetic innervation of the BAT controls thermogenesis and facilitates physiological adaption
to seasonal changes, but the exact mechanism remains elusive. Previous studies have shown that central opioid signaling
regulates BAT thermogenesis, and that the expression of the brain mu-opioid receptor (MOR) varies seasonally. Therefore,
it is important to know whether MOR expression in BAT shows seasonal variation.

Methods We determined the effect of photoperiod on BAT MOR availability using [!!C]carfentanil positron emission tomog-
raphy (PET). Adult rats (n =9) were repeatedly imaged under various photoperiods in order to simulate seasonal changes.
Results Long photoperiod was associated with low MOR expression in BAT (f#= —0.04, 95% confidence inter-
val: —0.07,—0.01), but not in muscles. We confirmed the expression of MOR in BAT and muscle using immunofluorescence
staining.

Conclusion Photoperiod affects MOR availability in BAT. Sympathetic innervation of BAT may influence thermogenesis
via the peripheral MOR system. The present study supports the utility of [!!C]carfentanil PET to study the peripheral MOR
system.
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Introduction

The well-characterized role of brown adipose tissue (BAT)
is to rapidly produce heat through nonshivering thermo-
genesis, and this demonstrates a seasonal rhythm. Envi-
ronmental factors, such as photoperiod, determine the
metabolic activity of BAT. Short photoperiod markedly
stimulates BAT growth and thermogenesis in Syrian ham-
sters, along with greater food intake and weight gain [1].
This effect of photoperiod on BAT thermogenesis seems to
be independent of the parallel effect of environmental tem-
perature variation [2, 3], suggesting that a distinct physi-
ological pathway is responsible for this seasonal rhythm.
However, the exact neurochemical determinants of the
seasonal pattern of BAT function remain elusive.

The endogenous opioid system regulates pain, stress,
and emotions [4], and in particular, central mu-opioid
receptor (MOR) signaling is a potent regulator of feeding
[5-7]. We have recently shown that photoperiod drives
the seasonal pattern of central MOR expression [8]. In
contrast to central MOR signaling, understanding of the
roles of the peripheral opioid system is largely based on
the results of studies of pain, as exemplified by the local
analgesic effect of opioid peptides [9]. MOR expression
has been also demonstrated in immune cells [10]; tissue
injury augments peripheral opioid analgesia alongside
an increase in MOR expression [11, 12], suggesting that
MOR signaling plays a role in the immune system and
inflammation. In mammals, MORs are also expressed in
peripheral tissues, such as muscle, intestine, adrenal, kid-
ney, lung, and liver [13, 14]. However, knowledge of the
roles of peripheral opioid receptors is limited, and to the
best of our knowledge, no previous studies have deter-
mined whether MORs are expressed in BAT.

BAT is innervated by a large number of sympathetic
nerves, which control thermogenesis [15, 16]. A role of
opioid signaling as a modulator of BAT thermogenesis
is supported by data showing that intravenous or intrac-
erebroventricular administration of fentanyl increases
BAT sympathetic nerve activity and thermogenesis [17].
There have been no studies of the role of peripheral MOR
signaling in BAT activation. However, the inflammatory
response in BAT has been shown to be associated with
lower thermogenic capacity [18], and inflammation is
associated with greater opioid signaling [9, 11], which
suggests a possible effect of peripheral MOR on BAT
activity.

In the present study, we aimed to determine whether
peripheral MOR signaling is involved in the effects of
photoperiod on BAT activity. Rats were kept under vari-
ous photoperiods to simulate seasonal cycles, and each
was repeatedly imaged using [!!C]carfentanil PET. Using

the data obtained, we previously showed that photoperiod
influences in vivo brain MOR expression [8]. In addition,
we showed that seasonal changes in photoperiod affect
stress hormone concentrations and weight gain. Here, we
further studied the effect of photoperiod on the expression
of MOR in BAT. We hypothesized that photoperiod would
influence BAT function via the MOR signaling pathway.

Materials and methods
Animal handling and seasonal simulation

Eighteen adult Sprague—-Dawley rats (Envigo, Horst, Neth-
erlands; age > 90 days; 11 males, 7 females) were housed
under controlled laboratory conditions in open-top cages
with free access to water and CRM-E diet (SDS, Witham,
UK). Rats were caged in groups of two or three same-sex
individuals. The study comprised an experimental group
(nine males, five females), for which the lighting duration
was programmed, such that the photoperiod changed over
an abbreviated cycle of 3 months, and a control group (two
males, two females), which was under a constant photoper-
iod (12-h light/dark cycle), with all other conditions being
the same as for the experimental group. The control group
was used to account for the potential effect of aging on MOR
expression, and the statistical analyses pertaining to MOR
expression were also separately conducted in the experimen-
tal group. The same type of LED lighting was used for the
control and experimental groups. The study was conducted
in accordance with EU Directive 2010/63/EU regarding the
protection of animals used for scientific purposes, based on
the principle of the 3Rs, and all procedures and protocols
were approved by the National Project Authorization Board
of Finland (license numbers ESAVI/3116/04.10.07/2017 and
ESAV1/8648/2020).

PET imaging and processing

Twelve of eighteen rats (experimental group: six males,
three females; control group: two males, one female) were
studied using 60-min dynamic [!'C]carfentanil PET imag-
ing on three to four occasions under isoflurane anesthesia
(Fig. 1A). A CT scan was always performed for anatomical
reference and attenuation correction. Rats in the control
and experimental groups were scanned following a similar
PET protocol. The radiotracer was divided among three
rats (two males, one female) and two different scanners
on each scanning day to maximize the data collection per
batch. Because of their larger size, an Inveon Multimodal-
ity PET/CT scanner (Siemens Medical Solutions, Knox-
ville, TN, USA) was used to image the male rats (two rats
at a time), whereas a Molecubes PET/CT scanner (Gent,
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Belgium) was used for the female rats. In total, 42 PET/
CT scans were performed. The rats were weighed on the
scanning day, and then for the Inveon Multimodality PET/
CT scanner, which had lower resolution and sensitivity, a
5 MBq dose of [!'C]carfentanil (actual 4.69 +0.60 MBq),
corresponding to 29.28 +20.53 ng/kg, was injected.
For the Molecubes PET/CT scanner, 1 MBq (actual
1.14+0.13 MBq), corresponding to 13.92 +11.74 ng/kg,
was injected. While there may have been receptor satura-
tion, the saturation would have been similar under all the
test conditions, and therefore, this should not have affected
comparisons between conditions. Accordingly, the effects
of sex and dose cannot be separated from the scanner type
or dose-dependent effects.

Dynamic PET images were analyzed using Carimas soft-
ware (version 2.10.3.0), which was developed at the Turku
PET Centre, Finland. The PET datasets were reconstructed
into 20 time frames using the three-dimensional ordered
subset expectation maximization (OSEM3D) algorithm:
6%0.5 min, 3X 1 min, 4 X3 min, and 7 X 6 min. PET and
CT images were automatically superimposed and visu-
ally inspected by researchers. Regions of interests (ROIs)
were defined based on CT image independently by two
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researchers (HV and EAH) who were blinded to the experi-
mental conditions.

Analysis of the fate of the injected [''Clcarfentanil

Four female and three male rats that were not involved in
the PET imaging study, and kept under a regular 12-h dark/
light cycle, were anesthetized using isoflurane and injected
intravenously with [!!'C]carfentanil (39.5+17.5 MBq)
to assess the in vivo stability of the tracer in plasma and
tissues (Fig. 1B; Supplementary Fig. S1). Blood samples
(0.2-0.6 mL) were drawn using cut-tail method 5 and 10 min
after injection. Twenty minutes after injection, blood was
collected by cardiac puncture, and the rats were euthanized
by cervical dislocation. Blood samples were collected into
heparinized gel tubes (Microtainer, Becton, Dickinson
and Company, Franklin Lakes, NJ, USA) and centrifuged
at 14,400 x g for 90 s. The separated plasma was mixed
with ice-cold acetonitrile (plasma:acetonitrile 2:3 (v/v))
to precipitate the plasma proteins and then centrifuged at
14,400 x g for 90 s. The supernatants were analyzed using a
high-performance liquid chromatograph coupled to a radi-
odetector (radio-HPLC: Merck Hitachi L-7100 gradient
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pump system with Radiomatic 150 TR, Packard, Palo Alto,
CA, USA). The brain, BAT, liver, stomach, muscle, and
duodenum were dissected and homogenized in 1:1 (v/v)
methanol:water using an electric homogenizer (Ultra-Turrax
T8, IKA, Staufen, Germany). The homogenates were filtered
(Amicon Ultra-4, 50 k, Merck KGaA, Darmstadt, Germany)
to remove particulate matter and proteins, and then injected
into the radio-HPLC. In the radio-HPLC, a uBondapak C18
column (7.8 X 300 mm, 10 um; Waters, Milford, MA, USA)
was used, along with a gradient of 50 mM phosphoric acid
and acetonitrile, and the results were analyzed as previously
described [19].

Modeling of MOR availability

Standardized uptake values (SUVs) were calculated by
dividing tissue radioactivity concentrations (MBq/mL)
by the injected radioactivity dose per unit animal mass
(MBg/g). One approach used to estimate the MOR avail-
ability was to calculate the SUV ratios for the areas under
the time-activity curves (TACs) for BAT and muscle (the
reference tissue) because this area represents an approximate
index of MOR availability. On the basis of our initial radio-
metabolite analysis, the first 5 min (because of confounding
effects of perfusion in the periphery) and the last 40 min
(because of radiotracer decomposition) of the TACs were
excluded from this modeling.

Immunofluorescence staining

Brain, BAT, muscle, stomach, and white adipose tissue
from healthy male Sprague—-Dawley rats (n =3, kept under
a regular 12-h dark/light cycle and not involved in the PET
imaging study, Fig. 1C) were collected on ice, frozen, and
cryosectioned at 10 um thickness (transverse sections of
brain were prepared).

Tissue sections were fixed in 10% formalin for 10 min,
permeabilized in 0.1% Triton X-100 in phosphate-buffered
saline (PBS) for 5 min, and washed between and after these
incubations with PBS. To block nonspecific staining, sec-
tions were incubated in 5% normal goat serum (NGS; Vec-
tor Laboratories, Burlingame, CA, USA) in PBS for 1 h
at room temperature. Then, the sections were incubated
with anti-OPRM1 (1:100 dilution with 2.5% NGS in PBS,
#MABS8629, Bio-Techne, Minneapolis, MN, USA) overnight
at 4 °C. After PBS washes, the sections were incubated with
AlexaFluor 488-conjugated anti-rabbit secondary antibody
(1:500 dilution with 2.5% NGS in PBS, Invitrogen, Waltham,
MA, USA) for 1 h at room temperature, followed by stain-
ing with 4',6-diamidino-2-phenylindole (DAPI, 1:10,000
dilution with MilliQ water; Sigma-Aldrich, St. Louis, MO,

USA) for 10 min. Finally, the sections were mounted using
Prolong Gold Antifade mounting media (#P369309, Thermo
Fisher Scientific, Waltham, MA, USA). Sections that had not
been incubated in primary antibody were used to confirm
the specificity of the staining. Images were obtained using a
3i Spinning Disk confocal microscope and Slidebook soft-
ware (Intelligent Imaging Innovations, Denver, CO, USA),
and processed using ImagelJ software (NIH, Bethesda, MD,
USA).

Statistical analysis

Repeated measurements were analyzed using a linear mixed-
effects model, with varying intercepts for each rat and fixed-
effect factors, such as age, photoperiod, and scanner type.
R statistical software (version 4.0.3; r-project.org) with the
Ime4 package was used.

Results

Peripheral MOR expression and [''C]carfentanil PET
imaging

Immunofluorescence staining showed the highest expres-
sion of MOR in the BAT and stomach (Fig. 2A), with lower
expression in muscle and almost no expression in white
adipose tissue. Consistent with published data [20], MOR
was expressed at a higher level in the neocortex than in the
cerebellum (Fig. 2B).

To analyze the PET images, we first calculated SUVs for
the brain and five peripheral tissues (BAT, muscle, stomach,
liver, and duodenum) (Fig. 3A) using the TACs derived from
dynamic PET images (Fig. 3B). The SUVs of the stomach,
liver, and duodenum were higher than those of the BAT,
brain, and muscle.

Tissue-specific decomposition of [''Clcarfentanil

To rule out nonspecific binding of radioactive metabolites,
we studied the metabolic profiles of [''C]carfentanil in
various tissues. Analysis of blood samples demonstrated
continuous decomposition of the radiotracer (Table 1).
Measurements made in seven rats confirmed that, 20 min
after radiotracer injection, the SUVs of the liver and duode-
num were largely determined by the uptake of radioactive
metabolites. Therefore, [!!C]carfentanil PET is not the opti-
mal tool for the study of MOR availability in these tissues.
Comparable ['!C]carfentanil radiometabolism profiles were
found for BAT, muscle, and stomach, with [“C]carfentanil
contributing over 50% of the total radioactivity 20 min after
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Fig.2 Representative immuno-
fluorescence confocal micros-
copy images obtained using
anti-MOR antibody (OPMR1,
green) reveals expression in

A peripheral tissues and B

brain regions in the left panels.
Nuclei were counterstained with
4',6-diamidino-2-phenylindole
(blue). Omission of the anti-
MOR antibody resulted in no
green staining, as shown in the
right panels. BAT, brown adi-
pose tissue; WAT, white adipose
tissue. Scale bar=10 pm

Fig.3 [''C]carfentanil stand-
ardized update values (SUVs)
in various tissues. A Positron
emission tomography/computed
tomography fusion image of a
rat, with the regions of interest
labeled. B Regional time-activ-
ity curves for the SUVs during
the scans. Shaded areas repre-
sent 95% confidence intervals
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Table 1 Percentage of intact ['!C]carfentanil in rat tissues at different time points after intravenous injection
Time after Blood BAT Muscle Stomach Liver Duodenum
injection
5 min 74.40+10.97 ND ND ND ND ND
10 min 57.18£12.61 ND ND ND ND ND
20 min 44.53+9.23 66.49+14.05 60.54+9.30 50.04+10.80 5.40+4.08 7.89+3.54

Results are expressed as mean + standard deviation (n="7). BAT, brown adipose tissue; ND, not determined

radiotracer injection. The brain showed the highest propor-
tion of intact [!'C]carfentanil.

@ Springer

In the stomach, approximately 50% of the [''C]carfentanil
remained 20 min after tracer injection, and the SUV showed a
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much higher level of MOR availability. However, the stomach
was not scanned in some of the images, and therefore, the stom-
ach data were not further analyzed.

Effect of photoperiod on [''C]carfentanil uptake

TACs for [!'C]carfentanil SUVs in BAT and muscle were
plotted according to photoperiod (Fig. 4), and we found
that the areas under the TACs for BAT were smaller when
the photoperiod was long. BAT showed greater radiotracer
uptake than muscle on all the scans.

Effect of photoperiod on MOR availability in BAT

The SUVs (Fig. 3B) and metabolic profiles of [''C]carfen-
tanil were comparable in BAT and muscle; therefore, the
BAT-to-muscle SUV ratio was used to estimate the avail-
ability of MOR in BAT.

To analyze MOR availability, we compared both the
experimental group (n=3) and control group (n=9) using
three statistical models: (i) model 1, with scanner type as the
only fixed-effect factor; (ii) model 2, with scanner type and
photoperiod as fixed-effect factors; and (iii) model 3, with
scanner type, photoperiod, and age as fixed-effect factors.
In all these mixed-effect models, rat identity was used as a
random factor. The results showed that model 2 was the best
model, with the lowest Akaike information criterion (AIC)
value (model 1: 71.4; model 2: 67.9; model 3: 69.9) and the
largest marginal R? (model 1: 0.09; model 2: 0.18; model 3:
0.17). Model 2 showed that photoperiod had a significant
effect on MOR availability in BAT (= —0.04, 95% con-
fidence interval (CI)—0.08,—0.01). Model 3 showed that
age had no effect (= —0.0002, 95% CI: —0.006, 0.006) on
MOR availability, and therefore, age was dropped as a factor
in subsequent analyses.

Statistical analysis was also performed using only the
experimental group (n=9), which was exposed to changing
photoperiod. The MOR availability of BAT was analyzed
using the fixed-effect factors of scanner type and photoperiod,

Fig.4 Time-activity curves
(TAC:s) for brown adipose tissue
and muscle during the various 5.9 6.3 7.4

photoperiods. Standardized
uptake values (SUV) between 5 41
and 40 min are shown. Shaded ~ 3]
areas represent 95% confidence g
intervals 2,
>
2
n 11
O B

-

and the random factor of rat identity. Consistent with the
above finding, increasing daylength was associated with a
reduction in peripheral MOR binding in BAT (f= —0.04,
95% CI: —0.07,—0.01). A plot of the SUV ratios (Sup-
plementary Fig. S2A) demonstrated that photoperiod was
inversely associated with MOR availability in BAT.

Comparison of the BAT and muscle SUVs

In addition, we analyzed the [''C]carfentanil SUVs sepa-
rately for BAT and muscle. The area under the TAC
(5-20 min) was used as an index of the availability of
MOR. When both the control and experimental groups
were analyzed, increasing photoperiod was associated
with lower MOR availability in BAT (= —0.037, 95%
CI: - 0.07,—0.01) but not in muscle (f=0.005, 95%
CI: - 0.01, 0.02). When the experimental group was
analyzed alone, similar results were obtained for BAT
(f=—0.04, 95% CI: —0.06,—0.01) and muscle (= 0.006,
95% CI: —0.01, 0.02). Plots of the SUVs (Supplementary
Fig. S2B) showed that photoperiod had an inverse relation-
ship with MOR availability in BAT, but not in muscle.

Discussion

The principal finding of the present study is that photoperiod
affects the availability of MOR in BAT, with longer photo-
period being associated with lower availability of MOR. The
lower MOR availability in BAT during long days may be the
cause of lower BAT thermogenesis, which is consistent with
the lower BAT thermogenesis that occurs during summer
[1, 3]. The neurotransmitter signaling that regulates BAT
metabolism is poorly understood, but the present data sug-
gest that MOR signaling is an important regulator of BAT
activity. When taken together with our previous findings
regarding the effects of photoperiod on the central MOR
system [8], it seems that both central and peripheral MOR
signaling pathways are activated in a seasonal pattern.

Photoperiod (h)
8.4 9.8 10.5 12 12.7 15.9 17.6 18.9

— BAT =— Muscle

10 30 10 30 10 30 10 30 10 30 10 30 10 30 10 30 10 30 10 30 10 30

Time (minutes)
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The present study also demonstrates the utility of [!!C]
carfentanil PET for the study of peripheral MOR signal-
ing in vivo. Previous PET imaging studies have exclusively
focused on the central opioid signaling, and to our knowl-
edge, this is the first to extend the application of in vivo
PET measures to the assessment of peripheral MOR system.
While opioid signaling is not confined in the central nervous
system, a better understanding of its function in the periph-
eral regions is demanded.

Potential role of MOR signaling in BAT functions

The exact mechanism whereby photoperiod affects MOR
availability in BAT remains to be determined. However, the
MOR signaling pathway may be responsible for transmitting
signals as part of the gut-brain-BAT axis. Recent studies
have shown that BAT may have roles beyond the known
pattern thermogenesis, and have supported the existence of
a gut-BAT-brain axis that tunes neurometabolic control and
eating behavior [21-23]. MORs are expressed throughout
the central and enteric nervous systems [24], and have effects
on gastrointestinal motility and possibly on feeding behavior
[25]. In addition, the activation of central MOR signaling by
fentanyl has been shown to induce BAT thermogenesis [17,
26]. Although previous studies have in general focused on
regulatory signals from the brain to the BAT, afferent feed-
back from BAT to the brain has also been proposed [21, 23].
No evidence has been collected to date regarding a potential
role of MOR in this; however, in the present study, we have
shown that photoperiod not only affects central MOR avail-
ability, but also receptor availability in BAT. This suggests
a potential novel means of communication between the BAT
and brain. Furthermore, low MOR availability in BAT may
imply a lower level of communication between the brain and
BAT during the lighter seasons.

Central MOR signaling contributes to hedonic or “liking”
responses in the brain [27], which are related to the food-
reward response [5]. Obese individuals have low brain MOR
expression, and bariatric surgery normalizes this expression
[28], which further implies a role for central MOR in feeding
behavior and weight gain. Despite of the well-characterized
roles of MOR signaling in the central nervous system and
behavior, how this signaling pathway functions beyond the
nervous system remains elusive. Here, our data showing
that MOR availability in BAT demonstrates seasonal pat-
terns highlight its potential endocrine and paracrine role.
Along with PET findings, immunofluorescence staining data
showed high expression of MOR in peripheral tissues, con-
sistent with the results of prior studies [13, 14]. In particular,
we found that MOR is highly expressed in BAT.

Our finding that photoperiod affects MOR availability
may also be explained by greater peripheral opioid release,
resulting in greater competition with the radiotracer for
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MOR binding during longer days. It has been hypothesized
that longer photoperiod drives skin cells to secrete endog-
enous opioids therefore to affect mood and behavior [29,
30]. Peripheral opioid signaling is also activated during
inflammatory responses because of the secretion of endog-
enous opioid by immune cells [10, 11, 31]. An inflammatory
response in BAT leads to reductions in energy expenditure
and glucose uptake [18], which is consistent with the lower
thermogenesis in BAT during long days [1, 3]. However,
no direct evidence for this mechanism is provided by the
present study.

[''Clcarfentanil PET to study the peripheral opioid
system

In the present study, we have shown that ['!C]carfentanil
PET can be used to assess MOR availability in peripheral
tissues in which the accumulation of radioactive metabolites
of [!!C]carfentanil is not substantial. Compared to organs
such as the liver and duodenum, decomposition of the radi-
otracer or accumulation of radioactive metabolites in BAT,
muscle, and brain is significantly lower. The current finding
extends the application of [!!C]carfentanil PET from being
restricted in brain measures to assessment of peripheral tis-
sues. Although gastric MOR function was not assessed in
the present study, the data suggest that the effects of MOR
signaling on gastric function and eating behavior should be
studied in vivo in the future.

MOR signaling in BAT may be important for energy
homeostasis and eating behavior in humans, while the
functional BAT in adults has become a new target for anti-
obesity and anti-diabetic therapies focusing on increasing
energy expenditure. The findings of this study revealing an
active MOR signaling pathway in BAT may have potential
clinical benefits in the future treatment of obesity. Because
the body mass-based doses of [''C]carfentanil administered
to the rats are comparable to those used in routine clinical
imaging studies [19], [''C]carfentanil PET could also be
used to study peripheral MOR function in humans.

Limitations

Although we have shown that photoperiod affects MOR
signaling in the brain and BAT, the pattern of regulation
is unclear (for example, an inverse linear vs. an inverted-
U relationship). Brain and BAT showed comparable MOR
availability (see Figs. 2 and 3), but much larger amounts of
MOR were found in other peripheral tissues. For instance,
the stomach showed much higher MOR availability than the
BAT. We do not know how these relative densities affect
endogenous opioid signaling and, therefore, eating behavior.
Furthermore, we did not use magnetic resonance imaging
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to evaluate BAT mass, and therefore, we cannot rule out an
effect of photoperiod on BAT volume [1], which would have
affected ['!C]carfentanil uptake. In addition, although we
have shown that photoperiod is negatively associated with
MOR availability in BAT, we do not know whether photo-
period-associated changes in MOR availability are reflected
in changes in BAT metabolism and thermogenesis. Finally,
the radiometabolism of [!'C]carfentanil was studied in a
relatively small number of rats (n="7), and possible meta-
bolic differences between the animals were not necessarily
well revealed.

Conclusion

We have shown that photoperiod affects the availability of
MOR in BAT. This extends our previous finding that pho-
toperiod affects MOR availability in the brain, and implies
that there is a shared neurotransmitter signaling pathway in
the brain and body that responds to the seasons. Seasonal
affective disorders are characterized by winter depression
and overeating. Considering the important roles of MOR
signaling in emotion, eating behavior, and thermogenesis,
and the important role of BAT in weight gain and the moti-
vation to eat [21, 23], the present findings imply that the
MOR signaling pathway may mediate seasonal affective
changes. Finally, our data highlight the applicability of [''C]
carfentanil PET in studying the peripheral MOR signaling.
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