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ORIGINAL ARTICLE

Thermal lesions of the SCN do not abolish all gene expression rhythms in rat 
white adipose tissue, NAMPT remains rhythmic
Rianne Van Der Speka, Ewout Foppena,b, Eric Fliersa, Susanne La Fleura,c*, and Andries Kalsbeeka,b*
aDepartment of Internal Medicine Endocrinology and Metabolism, Amsterdam UMC, Amsterdam, The Netherlands; bKalsbeek Group, 
Netherlands Institute for Neuroscience, Amsterdam, The Netherlands; cLa Fleur Group, Netherlands Institute for Neuroscience, Amsterdam, The 
Netherlands

ABSTRACT
Obesity and type 2 diabetes mellitus are major health concerns worldwide. In obese-type 2 diabetic 
patients, the function of the central brain clock in the hypothalamus, as well as rhythmicity in white 
adipose tissue (WAT), are reduced. To better understand how peripheral clocks in white adipose 
tissue (WAT) are synchronized, we assessed the importance of the central brain clock for daily WAT 
rhythms. We compared gene expression rhythms of core clock genes (Bmal1, Per2, Cry1, Cry2, 
RevErbα, and DBP) and metabolic genes (SREBP1c, PPARα, PPARγ, FAS, LPL, HSL, CPT1b, Glut4, leptin, 
adiponectin, visfatin/NAMPT, and resistin) in epididymal and subcutaneous white adipose tissue 
(eWAT and sWAT) of SCN-lesioned and sham-lesioned rats housed in regular L/D conditions. 
Despite complete behavioral and hormonal arrhythmicity, SCN lesioning only abolished Cry2 and 
DBP rhythmicity in WAT, whereas the other clock gene rhythms were significantly reduced, but not 
completely abolished. We observed no major differences in the effect of SCN lesions between the 
two WAT depots. In contrast to clock genes, all metabolic genes lost their daily rhythmicity in WAT, 
with the exception of NAMPT. Interestingly, NAMPT rhythmicity was even less affected by SCN 
lesioning than the core clock genes, suggesting that it is either strongly coupled to the remaining 
rhythmicity in clock gene expression, or very sensitive to other external rhythmic factors. The L/D 
cycle could be such a rhythmic external factor that generates modulating signals by photic masking 
via the intrinsic photosensitive retinal ganglion cells in combination with the autonomic nervous 
system. Our findings indicate that in normal weight rats, gene expression rhythms in WAT can be 
maintained independent of the central brain clock.
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Introduction

The circadian timing system coordinates physiology and 
behavior and enables an organism to anticipate recur-
ring events during the day-night cycle. In mammals, 
a molecular clock is found in nearly every cell, consisting 
of a network of transcriptional translational auto- 
regulatory feedback loops (TTFL) (recently reviewed in 
(Takahashi 2017). The ‘central pacemaker’ or ‘master 
clock’ in the mammalian brain resides in the suprachias-
matic nucleus (SCN), a bilateral nucleus in the anterior 
hypothalamus, located just above the optic chiasm. Its 
endogenously generated circadian rhythm is synchro-
nized to the exact 24 h rhythm of the external light-dark 
(LD) cycle by photic input from the retina via the reti-
nohypothalamic tract (RHT) (Canteras et al. 2011). 
Although photic input is the main stimulus for synchro-
nizing the SCN to the external environment, informa-
tion from many other time cues, such as locomotor 

activity and arousal, variation in body temperature, 
local energy availability, circulating nutrients and hor-
mones, as well as social signals contribute to this pro-
cess. The SCN then uses various signaling pathways to 
relay this integrated temporal information to the ‘per-
ipheral clocks’ in other brain areas and in the rest of the 
body (Albrecht 2012; Asher and Schibler 2011; Mohawk 
et al. 2012).

White adipose tissue (WAT) is an essential metabolic 
and endocrine tissue, especially given the rise in obesity 
prevalence worldwide. Circadian disruption disturbs 
metabolic homeostasis, especially when it is sustained. 
For example, during shift work the timing of food intake 
is often not aligned with endogenous clock rhythms in 
liver, pancreas, and WAT and, therefore, glucose and 
lipid homeostasis is not ensured. This increases the risk 
to develop obesity and related metabolic disease (Scheer 
et al. 2009; Stenvers et al. 2019). Similarly, in rodents, 
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circadian disruption due to genetic mutations or mis-
aligned environmental time cues (repeated shifts of the 
LD cycle, time restricted feeding) can induce metabolic 
dysfunction (Johnston et al. 2016; Tsang et al. 2017). On 
the other hand, rodents with obesity or disturbed glu-
cose regulation show decreased WAT rhythmicity 
(Ando et al. 2005). Likewise, we recently found that in 
obese patients with type 2 diabetes, the number of 
rhythmic transcripts in subcutaneous WAT was reduced 
by 80% as compared to lean controls (Stenvers et al. 
2019). To better understand via which mechanism cir-
cadian disturbance induces metabolic disease, it is first 
necessary to understand how peripheral clocks in WAT 
are synchronized to ensure energy homeostasis.

Daily rhythms in feeding behavior, as well as hor-
mone release, affect daily gene expression rhythms in 
WAT. Removal of either the daily rhythm in food intake 
or that of the adrenal hormones abolished rhythmicity 
in many clock-controlled metabolic genes in rats. 
However, clock gene expression rhythms in WAT 
remained intact. Only when both the feeding and adre-
nal rhythms were removed, did clock gene expression in 
WAT (and liver) became arrhythmic (Su et al. 2016, 
2015). These findings indicate that the daily rhythms of 
many clock-controlled genes are in fact not solely con-
trolled by local clock genes, but also by outputs from the 
central clock in the SCN, such as rhythmicity in nutri-
ents, hormones, and behavior. Therefore, in the current 
experiments we set out to assess in further detail the 
importance of the central brain clock for WAT rhythms 
in rats.

There are different genetic approaches to assess the 
role of the SCN in WAT rhythmicity; down-regulating 
the activating TTFL component Bmal1 (Husse et al. 
2014; Izumo et al. 2014; Lee et al. 2015), or upregulating 
the repressing component Per2 (Lee et al. 2015). 
However, these genetic approaches leave other clock 
machinery intact (Husse et al. 2014; Izumo et al. 2014; 
Lee et al. 2015). Although SCN specific Bmal1 ablation 
severely dampened SCN rhythmicity, the rhythmicity in 
eWAT clock gene remained, albeit with 30% amplitude 
reduction and a phase advance of ~4.8 h (Kolbe et al. 
2016). To exclude that this remaining rhythmicity is an 
effect of residual SCN function, we employed an alter-
native approach and used thermal SCN lesions, a well- 
established method (Kalsbeek et al. 1992, 2001; La Fleur 
et al. 1999, 2001; Moore and Eichler 1972; Ruiter et al. 
2003; Stephan and Zucker 1972), which selectively 
ablates SCN tissue, thus leaving no residual clock gene 
activity in the SCN. Striving for the smallest lesions 
possible induces a risk for incomplete lesions. 
Incomplete lesions often leave the most ventral part of 
the SCN that is embedded in the optic chiasm intact. If 

this light recipient part remains intact, this may be 
sufficient to maintain rhythmicity in L/D conditions, 
but not constant darkness. Therefore, we housed all 
animals in L/D conditions. Housing animals in L/D 
conditions enable discrimination between SCN- and 
non-SCN mediated effects of light for all rhythms. We 
hypothesized that thermal lesions of the SCN would 
remove the 24 h rhythmicity in all clock- and clock- 
controlled genes in WAT.

Materials and methods

Animals

Male Wistar rats (Harlan, Horst, Netherlands) were 
housed with 4–6 animals per cage in a controlled envir-
onment, on a 12/12 h light/dark cycle (ZT0 is lights on at 
07:00 h), at room temperature (20 ± 2°C). Food and tap 
water were provided ad libitum throughout the experi-
ment. The experiment was conducted under approval of 
the Local Animal Welfare Committee and in accordance 
with international ethical standards (Portaluppi et al. 
2010).

SCN lesions

Bilateral thermal SCN lesions were made in rats weigh-
ing 180–210 g (n = 91). Rats were anaesthetized with 
Hypnorm (0.8 ml/kg i.m.) and Dormicum (0.3 ml/kg s. 
c.), and mounted in a stereotact (David Kopf 
Instruments, Tujunga, CA), with the toothbar set at 
5 mm. After identification of the Bregma, electrodes 
were introduced bilaterally through a drilled hole in 
the skull, using the following coordinates: 1.4 mm ros-
tral to Bregma, 1.0 mm lateral to midline, 8.3 mm below 
the brain surface, at an angle of 6°. The electrode dia-
meter was 0.2 mm and a temperature of 85°C was 
generated for 1 min (Lesion generator RFG4A by 
Radionics, Burlington, MA). This temperature was 
found empirically to result in lesions big enough to 
eliminate the SCN, yet small enough to leave tissue 
surrounding the SCN, such as the paraventricular 
nucleus (PVN), intact, as described and illustrated pre-
viously (Kalsbeek et al. 1992, 2000, 2001; La Fleur et al. 
1999; Palm et al. 1999). Sham animals underwent the 
same procedure, but no current was passed through the 
electrodes.

After two weeks, when the animals had recovered 
from the anesthesia and surgical procedure, they were 
housed individually and effectiveness of the lesions was 
checked by measuring daily rhythmicity of water intake 
for 3 weeks. If animals drank >30% of their daily water 
consumption in the middle 8 h of the light period (ZT2- 
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ZT10), lesions were considered successful and animals 
were included in the SCNx group (n = 31). This “drink-
ing” measure of arrhythmicity correlates well with 
immunohistochemical screening of completeness of the 
SCN lesion by using vasoactive intestinal peptide (VIP) 
staining as a marker for SCN tissue (Kalsbeek et al. 2000; 
La Fleur et al. 1999, 2001). Sham animals (n = 31) typi-
cally drank only 15% of their daily water intake in these 
8 h in the middle of the light period.

Tissue collection

Five weeks after lesioning, animals were anaesthetized 
with isoflurane and killed by decapitation at a 6 h inter-
val starting at ZT2 (N = 7–8 per group and time point) 
to obtain WAT tissues and plasma. Epididymal (eWAT) 
and subcutaneous inguinal (sWAT) white adipose tis-
sues were dissected and snap frozen in liquid nitrogen, 
and the contralateral WAT depot was dissected for 
weighing. Furthermore, perirenal- and mesenteric 
WAT, bilateral adrenals, and thymus were dissected 
and weighed. Blood was collected in heparinized tubes.

Plasma analyses

Following decapitation, trunk blood was kept on ice 
until centrifugation for 15 min at 3000 rpm at 4°C. 
Plasma was transferred to a clean tube and stored at 
−20°C until use. Plasma glucose was measured using 
a Biosen apparatus (EKF diagnostics, Cardiff, UK). 
Plasma insulin, leptin, and corticosterone were mea-
sured using a Radio Immuno Assay (Merck Millipore, 
Billerica, MA, USA).

Gene expression analysis

We studied core clock and metabolic gene expression 
rhythms in epididymal and subcutaneous white adi-
pose tissue (eWAT and sWAT, respectively) in SCN- 
lesioned and sham-lesioned rats at 4 time points along 
the L/D-cycle (ZT2, ZT8, ZT14, and ZT20). Gene 
expression analysis was performed as previously 
described in detail (Van Der Spek et al. 2018). In 
short, total RNA was extracted from approximately 
100 mg of adipose tissue, using the RNeasy lipid kit 
including on-column DNAse treatment (Qiagen 
Benelux, Venlo, Netherlands). cDNA was synthesized 
with the Transcriptor First Strand cDNA synthesis kit 
(Roche, Almere, Netherlands). Gene expression was 
analyzed by real-time RT-qPCR on a Lightcycler 480 
system (Roche, Almere, Netherlands). We used addi-
tional non-reverse transcriptase samples to control for 
potential DNA contamination, positive controls, and 

melting peak analysis for product verification, and 
analyzed individual sample PCR efficiency to exclude 
all samples that deviated more than 0.05 from mean 
efficiency. Hypoxanthine Phosphoribosyl Transferase 
(HPRT) gene expression was used as a housekeeping 
gene to control for variation in amount of mRNA 
input. Primer sequences of clock genes Bmal1, Per2, 
Cry1, Cry2, RevErbα, and DBP, and metabolic genes 
SREBP1c, PPARα, PPARγ, FAS, LPL, HSL, CPT1b, 
Glut4, leptin, visfatin/NAMPT, and resistin, have been 
published previously (Su et al. 2016).

Data analysis and statistics

All PCR data are expressed relative to ZT2, to allow 
comparison between WAT depots and treatment 
groups. For identification of outliers, we used Dixon’s 
Q test with two-tailed values using 95% confidence 
values (Rorabacher 1991). Samples that were deter-
mined to be outliers were excluded from further analysis 
(see supplemental table 4). All data are presented as 
mean ±SEM unless otherwise stated. P values below 
0.05 were considered statistically significant.

Rhythmicity was assessed using Circwave 1.4 
(www.hutlab.nl) (Van Der Spek et al. 2018). 
Circwave software fits one or more fundamental 
sinusoidal curves through the individual data points 
and compares this with a horizontal line through the 
data mean (a constant). If the fitted curve differs 
significantly from the horizontal line, the data set is 
considered rhythmic. Circwave provides the follow-
ing information: number of sines in the fitted curve; 
data mean, the average of all data points with SD; 
Center of Gravity (COG), representing the general 
phase of the curve with SD; ANOVA F stat, 
p-value, and R2; Circwave F stat, p-value and R2. 
For genes that remained rhythmic after SCN lesion-
ing, a shift in COG was assessed by an unpaired 
2-tailed student T-test without assuming consistent 
SD using GraphPad Prism 7. Amplitudes of Circwave 
curves were calculated as percentages of data mean to 
enable comparison of amplitudes between data sets 
[difference between the zenith (highest point) and 
nadir (lowest point) and divided by the data mean 
((max – min/mean) * 100%)].

Results

After recovery from surgery, SCN lesioned (SCNx, 
n = 91) and sham operated control rats (SCNsh, 
n = 31) were housed individually and water consump-
tion was measured for the middle 8 h (ZT2-ZT10) of the 
light period for 3 weeks. Sham-lesioned control animals 
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drank on average 16 ± 4% (mean±SD) of their daily 
water consumption during the light period. 
Successfully SCN lesioned animals (N = 31) drank on 
average 33 ± 4% during the light period, whereas 
excluded SCN lesioned animals (n = 60) drank on aver-
age 22 ± 4% (One-way Anova P < .0001, R2 = 0.71, T-test 
SCNsh vs SCNx; p < .0001, Supplemental Figure 1). 
Furthermore, in line with previous findings, the daily 
peak in plasma corticosterone was absent in the SCN 
lesioned animals (Supplemental Figure 2).

Body weight gain in SCN lesioned animals was 
reduced as compared to sham controls (Supplemental 
Figure 3, repeated ANOVA; Interaction p < .001; Time 
p < .001; Group p = .06), as described previously. Sham 
lesioned animals weighed 6% more at the end of the 
experiment (BW SCNsh 358 ± 6 g vs. SCNx 337 ± 6 g, 
T-test p < .05). Total WAT depot weight corrected for 
body weight did not differ between groups (tWAT: 
SCNsh 3.9 ± 0.2% vs. SCNx 5.3 ± 1.0%, T-test p = .11). 
Sham lesioned animals had higher thymus weights (thy-
mus: SCNsh 544 ± 19 mg vs. SCNx 473 ± 17 mg, T-test 
p < .01), but adrenal weight did not differ between 
groups (adrenal SCNsh 65 ± 1 mg vs. SCNx 65 ± 2 mg, 
T-test p = .99) (Supplemenal Figure 4).

SCN lesions reduced amplitude and advanced the 
phase of clock gene rhythms

In sham-operated animals, clock gene expression 
showed pronounced daily rhythms in both WAT depots 
(Figures 1 & Figure 2), with amplitudes and peak times 
comparable to our previous findings in unoperated con-
trol animals (Su et al. 2015; Van Der Spek et al. 2018) 
and also findings by others in their controls (Ando et al. 
2005; Kolbe et al. 2016; Sukumaran et al. 2010; Tdsm 

et al. 2015). Cry2, which showed least robust rhythmi-
city, and DBP lost their rhythmicity in both WAT com-
partments after SCN lesions, as well as Per2 in eWAT. 
Clock genes with more robust rhythms, Bmal1, Per2 in 
sWAT, Cry1, and RevErbα remained rhythmic after 
SCN lesions, albeit with lower amplitudes and reduced 
R2 values (Figures 1 & Figure 2). Amplitudes of clock 
gene rhythms were reduced by approximately 50% after 
SCN lesions (Supplemental Table 1). Likewise, R2 values 
of clock gene rhythms were reduced by approximately 
50% after SCN lesions (Supplemental Table 2). The 
COG of clock gene rhythms was advanced by ~4 hours 
after SCN lesions (Supplemental Table 3).

Overall, the effect of SCN lesions on clock gene 
expression in sWAT and eWAT was similar (on average 
amplitudes reduced by −53% in sWAT vs. −49% in 
eWAT; R2 reduced by −47% in sWAT vs. −54% in 
eWAT, and COG advancedby 3.4 h in sWAT vs. 4.4 h 
in eWAT). Two minor differences between sWAT and 
eWAT were observed: first, the COG of Bmal1 advanced 
by 3.5 h in eWAT (p < .001), but did not shift in sWAT 
(−0.1 h, p = .91). Second, Per2 lost rhythmicity in eWAT, 
but not in sWAT. Per2 expression in eWAT increased at 
ZT8 and decreased at ZT14 in SCN lesioned animals 
compared to controls (thus, peak expression advanced) 
(Figures 1 & Figure 2), effectively flattening the curve 
and abolishing the rhythm.

SCN lesions abolished diurnal rhythmicity of 
metabolic genes, NAMPT remains rhythmic

Metabolic genes showed less pronounced 24 h patterns 
in both WAT depots than observed in clock genes, as 
observed previously (Van Der Spek et al. 2018). Five out 
of the 12 metabolic genes measured in sWAT were 

Figure 1. Amplitude, R2, and COG of WAT clock gene rhythms in sham- and SCN-lesioned animals. Amplitudes and R2 of clock gene 
rhythms were reduced by approximately 50% after SCN lesions. COG was advanced by ~4 h after SCN lesions, with the exception of 
Bmal1 in sWAT. Cry2 and DBP completely lost rhythmicity. Gray bars indicate the dark phase (ZT12-24). SCNx; SCN lesioned, COG; 
center of gravity, R2; inter individual variability, eWAT epididymal white adipose tissue, sWAT subcutaneous white adipose tissue.
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Figure 2. Clock gene rhythms in eWAT and sWAT of sham- and SCN-lesioned animals. Cry2 and DBP lost their rhythmicity after SCN 
lesions in both WAT compartments, as well as Per2 in eWAT. Bmal1, Per2 in sWAT, Cry1, and RevErbα remained rhythmic after SCN 
lesions. Gray bars on x-axis indicate the dark phase (ZT12-24). Bar plots represent mean±SEM, scatter plots represent individual data 
points, area fills represent the curve as fitted by Circwave (www.hutlab.nl).
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rhythmic in controls, while 4 of these 5 lost their rhyth-
micity after SCN lesions (NAMPT remained rhythmic, 
while PPARα, SREBP1c, LPL, and leptin lost rhythmi-
city). Similarly, also in eWAT 5 out of the 12 metabolic 
genes measured were rhythmic in controls, while 4 out 
of the 5 genes lost their rhythmicity after SCN lesions 
(NAMPT remained rhythmic, while PPARα, PPARγ, 
SREBP1c, and HSL lost rhythmicity). Gene expression 
of FAS, CPT1β, Glut4, adiponectin, and resistin was not 
rhythmic in controls in either WAT depot. For ampli-
tudes, R2 and COG see Figure 3, and Supplement Tables 
1–3. For PCR data per gene see Figure 4 and 
Supplemental Figure 5.

Interestingly, NAMPT gene expression remained 
rhythmic in both sWAT and eWAT after SCN lesions, 
albeit with reduced amplitude In sWAT, the ampli-
tude was reduced from 57% to 47% of the data mean 
(Δ-17%), and in eWAT from 61% to 43% of the data 
mean (Δ-29%). R2 was reduced from 0.63 to 0.27 
(−58%) in sWAT, and it was reduced from 0.33 to 
0.29 (−13%) in eWAT. COG did not change in either 
WAT depot (sWAT +0.2 h, p = .76; eWAT −1.1 h, 
p = .18). These results indicate that NAMPT rhythmi-
city was affected less by SCN lesions than any of the 
other genes measured, including the core clock genes.

Discussion

Aim and findings

In line with previous work we observed pronounced daily 
rhythmicity in core clock genes in WAT of sham-lesioned 
animals, and less pronounced rhythms in metabolic genes 
(Ando et al. 2005; Kolbe et al. 2016; Su et al. 2016, 2015; 
Sukumaran et al. 2010; Tdsm et al. 2015; Zvonic et al. 
2006). Despite hormonal and behavioral arrhythmicity, 
SCN lesions induced loss of rhythmicity in only two out 
of the six core clock genes investigated (Cry2, DBP) 
(Figures 1 & Figure 2). Unlike Cry1, Cry2 gene expression 
is only modestly rhythmic in WAT, and it may, therefore, 
be more susceptible to lose statistically significant rhyth-
micity (Anafi et al. 2014; Khan et al. 2012). In contrast, 
DBP gene expression is highly rhythmic in WAT, as well 
as in many other tissues, but it lost rhythmicity comple-
tely in eWAT and sWAT after SCN lesions. Together, 
these findings suggest Cry2 and DBP do not form part of 
the most robust feedback loops in the core clock in WAT, 
corresponding with their absence in a proposed top 20 
‘core clock genes’ (Anafi et al. 2014).

The other four clock genes that we investigated 
retained statistically significant rhythmicity; however, 
amplitudes and R2 were both reduced by approximately 

Figure 3. Amplitude, R2, and COG of WAT metabolic gene expression rhythms in sham- and SCN-lesioned animals. NAMPT gene 
expression remained rhythmic in WAT after SCN lesions, although the amplitude was reduced by 29% in eWAT and 17% in sWAT, and 
R2 was reduced by 13% in eWAT and 58% in sWAT. The COG remained unaltered. These results indicate that NAMPT rhythmicity was 
affected less by SCN lesions than any of the other genes measured, including the core clock genes. Absence of data for FAS, CPT1B, 
GLUT4, adiponectin, and resistin indicates absence of rhythmicity as calculated by Circwave; it does not indicate absence of gene 
expression.
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Figure 4. Metabolic gene expression rhythms in eWAT and sWAT of sham- and SCN-lesioned animals. Most metabolic genes lost their 
daily rhythmicity, with the exception of NAMPT. See supplemental Figure 6 for additional genes. Horizontal gray bars on x-axis indicate 
the dark phase (ZT12-24). Bar plots represent mean±SEM, scatter plots represent individual data points, area fills represent the curve as 
fitted by Circwave (www.hutlab.nl).
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50%, and their phase was advanced by ~4 h. These find-
ings are in line with the study by Kolbe et al. (Kolbe et al. 
2016), reporting a 30% reduction in the amplitude of the 
eWAT clock genes and a mean phase advance of ~5 h. We 
found a more pronounced effect, including complete loss 
of rhythmicity of Cry2 and DBP, which might be 
explained by the fact that the mice in the study by Kolbe 
et al. were released into DD 2 days before measuring gene 
expression (Husse et al. 2014; Kolbe et al. 2016).

We previously showed that gene expression rhythms 
in intra-abdominal and subcutaneous WAT depots only 
show minor differences (Van Der Spek et al. 2018). In 
the current study, we also found no differential effects of 
SCN lesions on WAT depots. Only minor differences 
were detected in the response to SCN lesions between 
sWAT and eWAT. For example, Bmal1 advanced by 
3.5 h in eWAT, but showed no significant phase change 
in sWAT, and Per2 lost rhythmicity in eWAT, but not 
sWAT. The latter is in line with our previous study and 
our current observation that Per2 expression shows 
stronger daily rhythmicity in sWAT than in intra- 
abdominal WAT depots (Van Der Spek et al. 2018).

In line with our findings in WAT, other peripheral 
tissues have been shown to retain core clock gene rhyth-
micity after SCN lesions as well (Akhtar et al. 2002; 
Husse et al. 2014; Izumo et al. 2014; Tahara et al. 2012; 
Yoo et al. 2004). For example, in mice, thermal SCN 
lesions merely reduced the amplitude of clock gene 
expression rhythms in liver for Bmal1 and Per2 
(Akhtar et al. 2002). Genetic SCN lesions reduced the 
amplitude and phase advanced Bmal1, Per1, Per2, 
RevErbα, and DBP expression rhythms in adrenal, 
liver, kidney, and heart in mice (Husse et al. 2014). 
Furthermore, BMAL1, PER2, and REVERBα biolumi-
nescence remained rhythmic in several peripheral tis-
sues after thermal SCN lesions, both ex vivo (Yoo et al. 
2004) and in vivo (Tahara et al. 2012). Equally, after 
genetic SCN lesions, daily rhythms in PER2 biolumines-
cence showed a decreased amplitude and increased 
phase distribution in several peripheral tissues (Izumo 
et al. 2014). Some earlier studies reported that SCN 
lesioning completely abolished the rhythm of Per2 in 
the liver of rats (Sakamoto et al. 1998) and mice (Hara 
et al. 2001), but these studies only compared two time 
points, which is insufficient to assess rhythmicity accu-
rately. Together, these studies provide accumulating 
evidence that after SCN lesions peripheral tissues do 
retain some rhythmicity, although these rhythms are 
more variable due to decreased amplitudes and 
increased phase distribution. Thus, despite behavioral 
arrhythmicity and contrary to the general assumption, 

SCN lesions do not abolish all rhythmicity in gene 
expression.

What mechanism may cause peripheral core clock 
rhythms to remain after SCN lesions?

Light is the main Zeitgeber for the circadian timing 
system, and in our current study all animals were housed 
under regular L/D conditions. Several studies have 
shown that an L/D-cycle can synchronize peripheral 
clocks in the absence of a functioning genetic clock in 
the SCN (Husse et al. 2014; Izumo et al. 2014; 
Koronowski et al. 2019; Lee et al. 2015; Welz et al. 
2019). These data indicate that either the intact neuronal 
structures within the SCN, or extra-SCN pathways, 
enable photic masking to modulate peripheral rhythms.

By using thermal ablation of the SCN, we excluded 
the possibility of photic masking via neuronal structures 
within the SCN. However, extra-SCN pathways are 
unaffected by these lesions. The discovery of the mela-
nopsin-containing intrinsically photosensitive retinal 
ganglion cells (ipRGCs) provided evidence for the exis-
tence of such a light-sensitive non-SCN neural pathway, 
with direct projections to many brain areas, including 
both SCN target and non-SCN target areas (Canteras 
et al. 2011; Hattar et al. 2006; Noseda et al. 2017). The 
autonomic nervous system (ANS) could then serve to 
communicate these light signals from the brain to per-
ipheral tissues, including white adipose tissue (Bartness 
and Song 2007). Indeed, several examples exist of light- 
induced changes in peripheral tissues that are mediated 
via the ANS (Aras et al. 2019; Cailotto et al. 2005; Fan 
et al. 2018; Ishida et al. 2005; Zhang et al. 2020). 
Exposure to light may directly increase lipolysis and 
decrease leptin production in subcutaneous white adi-
pose tissue, indicating that the L/D cycle may also pro-
vide a direct rhythmic input to sWAT (Nayak et al. 2020; 
Ondrusova et al. 2017). Moreover, light might also 
entrain peripheral clocks via non-ANS pathways as 
recently we showed that nocturnal light exposure affects 
the liver transcriptome via both ANS and non-ANS 
pathways (Opperhuizen et al. 2019). Notable, however, 
all the above experiments were performed in SCN-intact 
animals.

Interestingly, whereas behavioral and humoral 
rhythms desynchronize quickly in SCN lesioned animals 
in D/D, this occurs at a much slower rate for the per-
ipheral tissue clocks, as illustrated by animals that were 
kept in DD for 2 days (Akhtar et al. 2002; Kolbe et al. 
2016), 1 week (Husse et al. 2014), 3 weeks (Yoo et al. 
2004), or up to 1 month (Izumo et al. 2014; Tahara et al. 
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2012); they and still showed core clock rhythmicity in 
peripheral tissues. This has been explained by the fact 
that in absence of the master clock, autonomous feed-
back loops in organs and individual cells within tissues 
persist. Over time their amplitude reduces, and they 
increasingly run out of phase with each other, but, 
thereby, their rhythms only slowly desynchronize.

Systemic factors, such as locomotor activity, food 
intake and humoral factors can entrain and synchronize 
rhythmicity. Locomotor activity, however, is completely 
arrhythmic in SCN lesioned animals (Akhtar et al. 2002; 
Izumo et al. 2014; Stephan and Zucker 1972; Tahara 
et al. 2012; Yoo et al. 2004), as is body temperature 
(Refinetti et al. 1994), food intake (Janssen et al. 1994; 
Stoynev et al. 1982, 1986), and as we show here, drinking 
behavior (Supplemental Figure 1). Additionally, we did 
not observe rhythmicity in plasma concentrations of 
insulin, corticosterone, or glucose, which can directly 
influence clock gene expression (Balsalobre et al. 2000; 
So et al. 2009) (Supplemental Figure 2). In conclusion, 
behavioral or humoral time cues are unlikely to preserve 
daily rhythmicity in peripheral clocks in the absence of 
the master clock, but in L/D conditions, photic masking 
via retinal projections to the ANS might keep peripheral 
clocks cycling.

Most metabolic gene expression rhythms are 
abolished after SCN lesions

We found that SCN lesions abolished daily rhythmicity 
in metabolic output genes (Figures 3 & Figure 4). In 
intact animals, rhythmicity of metabolic genes is gener-
ally modest and less pronounced than that of clock genes 
(Schwanhüusser et al. 2011; Van Der Spek et al. 2018). 
Daily rhythms of metabolic genes are regulated by clock 
genes (Asher and Schibler 2011), as well as feeding 
behavior, circulating nutrients, and hormone fluctua-
tions. Since all of these cues are arrhythmic in SCN 
lesioned animals, this likely explains most of the effect 
of SCN lesions on the loss of metabolic gene expression 
rhythms. Moreover, core clock proteins (directly or 
indirectly) function as transcription factors for many 
metabolic genes; thus, since the amplitudes of clock 
gene expression rhythms were reduced after SCN 
lesions, this will further contribute to the diminished 
rhythmicity of metabolic genes.

NAMPT retains more rhythmicity than the core clock 
after SCN lesions

Surprisingly, NAMPT remained rhythmic in both 
sWAT and eWAT, with only a modest amplitude reduc-
tion (−17% in sWAT and −29% in eWAT) and without 

phase shift (Figures 3 & Figure 4). Since SCN lesioning 
did alter clock gene rhythmicity more severely, this 
raises the question of which factor(s) maintained the 
rhythmicity of NAMPT.

NAMPT is the rate-limiting enzyme in the NAD+ 
salvage pathway; reduction of NAD+ to NADH is essen-
tial for transfer of energy from nutrients to ATP. 
NAMPT expression is regulated directly by BMAL1, 
and forms an additional TTFL through Sirtuin1 
(SIRT1) (Nakahata et al. 2009; Ramsey et al. 2009), 
thus linking cellular metabolism to the circadian clock. 
In our dataset, Bmal1 rhythms were reduced and phase 
advanced in eWAT, but not sWAT. NAMPT amplitude 
was slightly more affected in eWAT than in sWAT; thus, 
the reduced Bmal1 rhythm may still be sufficient to drive 
the rhythm in NAMPT gene expression. Indeed, in 
arrhythmic Bmal1-null mice with reconstituted Bmal1 
expression in the liver specifically, oscillation of redox- 
related metabolites and hepatic NAMPT expression was 
partly restored (Koronowski et al. 2019). This suggests 
that NAMPT is either very sensitive to the rhythmic 
regulation by BMAL1, and this loop keeps cycling 
through SIRT1, or NAMPT is regulated by other rhyth-
mic factors in addition to BMAL1.

NAMPT is, indeed, regulated by several more factors 
involved in cellular energy metabolism. Firstly, AMPK 
is a key sensor of ATP resources in the cell, and is 
essential for rhythmicity of NAMPT in WAT. 
Furthermore, the ratio NAD+/NADH determines the 
production of reactive oxygen species (ROS), and oxi-
dative stress increases NAMPT release (Lin et al. 2015; 
Lu et al. 2019). Consequently, NAMPT inhibition 
induces susceptibility to oxidative stress (Hong et al. 
2016; Xu et al. 2017). Anti-oxidant proteins that elim-
inate ROS, such as peroxiredoxins, may generate rhyth-
micity in absence of the TTFL (Bass and Takahashi 
2011; Edgar et al. 2012; Neill et al. 2011), and may 
even couple the light signal to the molecular clock 
(Bodvard et al. 2017). Surprisingly, sWAT contains 
light sensitive melanopsin channels (Nayak et al. 2020; 
Ondrusova et al. 2017), raising the suggestion that light 
could, indeed, reach sWAT. Therefore, the direct effects 
of light on cellular metabolism pathways could provide 
an explanation for the remaining rhythmicity in 
NAMPT, suggesting it is rhythmicity in NAMPT that 
keeps the molecular clock ticking. On the other hand, 
this mechanism would not explain the retained rhyth-
micity in eWAT.

Remarkably, in SCN-lesioned animals on a feeding 
schedule, only hepatic NAMPT levels lost their rhyth-
micity; whereas, all of the other clock genes investigated 
remained rhythmic in these conditions (Sabath et al. 
2014). These results show NAMPT levels are not directly 
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regulated by food intake; in fact, the enforced feeding 
schedule seems to disturb its rhythmicity, since in fasted 
conditions NAMPT levels in SCN-lesioned animals 
retained their rhythmicity. Moreover, in intact animals 
NAMPT rhythms were also lost when feeding times 
were not in line with the L/D cycle (Salgado-Delgado 
et al. 2013). Since SCN-lesioned animals in the Sabath 
et al. (Sabath et al. 2014) study were also housed in L/D 
conditions, these results agree with the idea that the L/D 
cycle determines NAMPT rhythmicity, instead of feed-
ing rhythms or the molecular clock.

Study limitations

Although the regular L/D cycle may seem a limitation, as 
it provides rhythmic input, the housing in L/D condi-
tions does allow differentiation between the pathways 
responsible for the endogenous SCN-controlled 
rhythms and those responsible for the non-SCN mask-
ing effects of the L/D cycle. Furthermore, we mainly 
focussed on gene expression, whereas within every reg-
ulatory stage from gene expression to protein activity 
additional layers of circadian control have been revealed 
(Lee et al. 2015). Nevertheless, Janich et al. concluded 
that whenever both mRNA abundance and ribosome 
occupancy cycled, they globally did so in synchrony 
(Janich et al. 2015). In the current study, we have 
sampled every 6 h over a 24 h period to assess rhythmi-
city. This limited sampling frequency could cause 
underestimation of rhythmicity. However, the rhythmi-
city we found in sham lesioned animals corresponded 
well to the rhythmicity in our earlier study that sampled 
every 3 h (Van Der Spek et al. 2018). Finally, Circwave 
recognizes wave forms using Fourier transformation, 
thus assuming rhythms consist of (multiple) sine 
waves, and could thereby underestimate spiky or 
saw-tooth shaped wave forms (Thaben and 
Westermark 2014), as previously discussed (Van Der 
Spek et al. 2018), causing underestimation of 
rhythmicity.

Conclusions

We found that SCN lesions, despite behavioral and 
hormonal arrhythmicity, reduced but did not abolish 
clock gene rhythms in rat eWAT and sWAT, with 
decreased amplitudes and advanced phase. We observed 
no major differences in the effect of the SCN lesions 
between WAT depots. Cry2 and DBP completely lost 
their rhythm, suggesting they are part of less robust, or 
more adaptable, feedback loops in the core clock in 
WAT. Metabolic genes lost their modest rhythmicity 
in WAT, with the exception of NAMPT, which was 

even less affected than the core clock genes, suggesting 
that it is either strongly controlled by the remaining 
rhythmicity in clock gene expression, or it is regulated 
by an unknown other rhythmic factor. The ANS could 
provide such an extra-SCN pathway that generates 
entrainment signals by photic masking, and, thereby, 
may have contributed to the persisting WAT rhythmi-
city as observed in our study.
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