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The suprachiasmatic nucleus plays a key role in
the circadian secretion of adrenocortical hor-
mones. However, there is evidence from mouse
studies that components of the circadian clock are
also expressed within the adrenal gland itself. In
the present study we performed genome-wide ex-
pression profiling to determine whether the adre-
nal gland of rhesus monkeys shows temporal gene
expression across a 24-h period. We identified 322
transcripts with rhythmic patterns of expression
and found that the phase distribution of cycling
transcripts varied across the day, with more genes
showing activation during the night. We classified
the transcripts by their function and clustered
them according to their participation in common
biochemical pathways: 1) catecholamine synthesis
and reuptake; 2) cholesterol cleavage and dehy-
droepiandrosterone sulfate synthesis; 3) protein

synthesis and turnover; and 4) the circadian clock
mechanism. In an additional experiment, we as-
sessed the expression of various clock genes at
two time points, 12 h apart. We found that expres-
sion of Bmal1 and Cry1 was higher at 1300 h, or
zeitgeber time 6, whereas expression of Per1 was
higher at 0100 h (zeitgeber time 18). Expression
levels of Rev-erba were higher at 0100 h than at
1300 h (P < 0.05), and immunohistochemistry re-
vealed a strong expression of this transcription
factor specifically in chromaffin cells of the adrenal
medulla. Taken together, the data indicate that the
primate adrenal gland shows rhythmic expression
of genes associated with cell biology and synthesis
of steroids and catecholamines. Moreover, they
strongly imply the existence of an intrinsic circadian
clock. (Molecular Endocrinology 20: 1164-1176,
2006)

AJOR PHYSIOLOGICAL functions, such as me-
Mtabolism, thermoregulation, reproduction, and
the response to stress, are regulated by hormones,
many of which display a diurnal pattern of secretion.
Within the human endocrine system, the adrenal gland
is especially prominent because of its robust circadian
release of cortisol and dehydroepiandrosterone. To a
lesser extent, the secretion of catecholamines also has
a diurnal rhythm. Plasma cortisol and dehydroepi-
androsterone sulfate (DHEAS) concentrations show a
peak in the morning, whereas plasma catecholamines
show a peak in the middle of the day (1-5). The circa-
dian mechanisms regulating adrenal hormone secre-
tion have been studied widely in rodents, and the
results show that a functional connection exists be-
tween the suprachiasmatic nucleus (SCN) and the ad-
renal cortex (6, 7). In rats, the SCN appears to com-
municate with the adrenal glands via at least two
pathways: a direct one involving the autonomic ner-
vous system, and an indirect one that involves the
release of ACTH from the pituitary gland (8, 9). Al-
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though the SCN harbors a master circadian oscillator
that synchronizes and sustains circadian rhythms in
behavior and physiology, genetic components of the
circadian clock mechanism are also expressed in var-
ious peripheral tissues (10-13). These observations
raise the possibility that circadian physiology is ulti-
mately controlled by a network of coordinated circa-
dian oscillators, rather than by a single master clock
(14).

At the intracellular level, the molecular clock mech-
anism appears to be highly conserved, involving cou-
pled transcriptional/translational feedback loops that
are driven by both positive and negative genetic com-
ponents. In mammals, the positive components com-
prise the transcriptional activators CLOCK and
BMAL1, which dimerize and bind to E boxes in the
promoter regions of various genes, including the neg-
ative components. The negative components include
the Period proteins (PER1, PER2, PER3) and Crypto-
chrome proteins (CRY1, CRY2), which in turn inhibit
the synthesis of the Clock/Bmal1 complex, and then
generate a circadian rhythm in their own transcription
(15-18).

Gene microarray data from mouse SCN, liver, and
heart have shown that circadian transcriptional mech-
anisms temporally regulate biochemical pathways
within each tissue, by driving the circadian expression
of specific sets of genes (19-22). Overall, these studies
demonstrate that many genes involved in tissue-
specific pathways, as well as general cellular path-
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ways, accumulate in a circadian manner and in many
cases appear to be controlled by a circadian clock. A
deeper understanding of the circadian expression of
genes associated with synthesis of hormones and
neurotransmitter receptors, as well as genes involved
in cell cycle and tumor suppression, has enormous
biomedical potential (23, 24); however, this subject
has only recently begun to be explored in primates
(25-27). In view of the strong rhythmic profile of many
of the adrenal functions and the circadian expression
of Period genes in the adrenal gland of mice (28, 29),
our goal was to test the hypothesis that circadian
transcriptional mechanisms regulate specific path-
ways within the primate adrenal gland. We searched
for rhythmic patterns of gene expression in the adrenal
gland of the rhesus macaque by analyzing the tran-
scriptome across a 24-h period. We found that key
genes, including those involved in rate-limiting steps in
the synthesis of catecholamines, cleavage of choles-
terol, synthesis of DHEAS, and protein synthesis and
turnover oscillated with a 24-h rhythm. Moreover, our
results strongly imply the existence of an intrinsic mo-
lecular clock mechanism within this organ.

RESULTS

Diurnal Variations in Adrenal Plasma
Hormone Levels

Six female rhesus macaques were maintained under a
12-h light, 12-h dark photoperiod, lights on at 0700 h
[zeitgeber time zero (ZTO)], and their activity-rest cy-
cles were continuously monitored (Fig. 1). To establish
the temporal pattern of adrenocortical secretion in
these animals, plasma concentrations of cortisol and
DHEAS were measured in remotely collected blood
samples. Both adrenal steroids showed a circadian
rhythm across 24 h, with the levels rising during the
night and peaks occurring around 0800 h (ZT1), at the
time of morning activity onset (Fig. 1).

Plasma concentrations of epinephrine were mea-
sured in a group of seven middle-aged male rhesus
macaques, at two time points 12 h apart, maintained
under a 12-h light, 12-h dark photoperiod, lights on at
0700 h (ZT0). The mean values = sem at 1300 h (ZT6)
and at 0100 h (ZT18) were 36 + 6.8 and 18 * 4.4
pg/ml, respectively (P < 0.01, paired Student’s t test)
(Rasmussen, D., and H. F. Urbanski, unpublished
observations).

Phase Analysis of Microarray Data

The animals were killed at six time points across a
24-h period, with 4-h intervals: 0700 h (ZT0), 1100 h
(ZT4), 1500 h (ZT8), 1900 h (ZT12), 2300 h (ZT16), and
0300 h (ZT20). Total RNA was isolated from the whole
left adrenal gland and used to perform hybridizations
on Affymetrix human HG_U133A gene microarray plat-
forms and PCR experiments. The Affymetrix MAS 5.0
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analysis software was used to analyze scanner image
files and thereby generate raw data. After two consec-
utive filtering iterations, comprising a filter for signifi-
cant amplitude and a filter for rhythmicity with a period
of 24 h, both intended to identify robust oscillatory
genes, 322 transcripts were identified. These tran-
scripts were then organized by hierarchical clustering,
using cosine correlation for distance measure, which
yielded a temporal profile of rhythmic gene expression
in the adrenal gland. The oscillation curves showed a
variety of phases and amplitudes, with peaks of ex-
pression distributed throughout the 24-h cycle (Fig.
2A; and supplemental Table 1 published on The En-
docrine Society’s Journals Online web site at
http://mend.endojournals.org).

Next, the phase distributions were analyzed by clus-
tering the transcripts using a k-means method; the
expression profiles were grouped into six clusters,
each corresponding to one of the six sampling times
(Fig. 2B). Interestingly, the phase distributions of the
various genes were not homogeneous: 70 transcripts
peaked at 0300 h (ZT20), 75 transcripts at 0700 h
(ZT0), 41 transcripts at 1100 h (ZT4), 30 transcripts at
1500 h (ZT8), 44 transcripts at 1900 h (ZT12), and 62
transcripts at 2300 h (ZT16) (Fig. 2C). Taken together
these data indicate that the number of cycling tran-
scripts increased during the night, starting at around
1900 h (ZT12), and reached a maximum at 0700 h
(ZT0), when the lights came on in the morning (Fig.
2C). The number of cycling transcripts reduced
abruptly between 0700 h (ZT0) and 1100 h (ZT4), and
reached a minimum at 1500 h (ZT8).

Functional Categories and Clusters

A gene annotation tool was used to obtain gene ab-
breviations and descriptions and to cluster the 322
transcripts into common biochemical pathways. This
enabled us to work with a physiological view of the
transcriptome and to determine at which stages each
of those pathways was temporally regulated. Four
main clusters emerged from the analysis, and included
genes involved in: 1) catecholamine synthesis and re-
uptake; 2) cholesterol cleavage and DHEAS synthesis;
3) protein synthesis and turnover; and 4) the circadian
clock mechanism.

Transcripts Involved in Catecholamine Synthesis
and Reuptake. Rhythmic expression of genes in-
volved in catecholamine synthesis and reuptake in-
cluded tyrosine hydroxylase (TH), phenylethanolamine
N-methyl transferase (PNMT), and the norepinephrine
transporter 2 (SIc6A2) (Fig. 3A). TH and PNMT expres-
sion peaks occurred at approximately 0700 h (ZTO0),
whereas the expression peak of SIcC6A2, detected by
two different probe sets, occurred at approximately
1900 h (ZT12). The expression pattern of TH was val-
idated by Tagman quantitative RT-PCR (Tagman gRT-
PCR) (Fig. 3A), whereas the expression patterns of
PNMT and SIc6A2 were validated by semiquantitative
RT-PCR (sqRT-PCR) (Fig. 3B). As an internal control
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Fig. 1. Diurnal Rhythms in Locomotor Activity and Adrenocortical Hormone Secretion in Female Rhesus Macaques

Upper panel, Locomotor activity patterns (24 h) from a representative animal. Lower panel, Mean (+ sem) 24-h plasma
concentration of cortisol and DHEAS from six animals; the hourly blood samples were collected using a remote swivel/tether-
based sampling system (5). All the data are double plotted, to facilitate viewing of the 24-h rhythms. The white and black bars
represent day and nighttime, respectively. Note the coincidence of the hormone peaks at the time of activity onset in the morning.

for all the clusters, B-actin was assessed by sqRT- cholesterol cleavage and synthesis of DHEAS includ-
PCR (see Fig. 6B). ed: cholesterol side chain cleavage (Cyp11Af7), steroid
Transcripts Involved in Cholesterol Cleavage and 17-a-hydroxylase (Cyp17A), cytochrome b-5 (Cyb5), and
DHEAS Synthesis. The cluster of genes involved in dehydroepiandrosterone sulfotransferase (SULT2AT)
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Fig. 2. Temporal Gene Expression Profiles in the Rhesus Macaque Adrenal Gland
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A, Hierarchical clustering of the 322 oscillating transcripts. Each column represents a time point, and each row represents a
gene. Relationships between genes are depicted as a tree, with branch length reflecting the degree of similarity in time courses
between the genes. For a complete list of genes, symbols, and associated expression values, see supplemental data. B, Gene
expression profiles showing different phases across 24 h; the data have been normalized such that the medial signal intensity for
each gene across all time points is 0. C, Distribution of cycling transcripts across 24 h. In all panels, the white and black bars
represent day and nighttime, respectively. Min, Minimum; Max, maximum.

(Fig. 4A). The four transcripts showed a rhythmic pat-
tern of expression with peaks between 1900 h (ZT12)
and 2300 h (ZT16). Expression profiles obtained by
sqRT-PCR for Cyp11A1 and Cyp17A were consistent
with the results from the gene microarrays (Fig. 4B).

Transcripts Involved in Protein Synthesis and Turn-
over. The genes represented in the protein turnover
cluster are involved in various stages of protein syn-
thesis, processing, secretion, and degradation (Fig.
5A). The cluster comprised six subsets: 1) subset of
ribosomal proteins: ribosomal protein S7 (Rps7), ribo-
somal protein L15 (Rpl/15), ribosomal protein L13a
(Rpl13a), ribosomal protein L4 (Rp/4), ribosomal pro-
tein L39 (Rp/39) (Fig. 5B); 2) subset of translation ini-
tiation factors: eukaryotic translation initiation factor 3,
subunit 10 6 (Eif3S10), eukaryotic translation initiation
factor 3, subunit 6 (Eif3S6), eukaryotic translation ini-
tiation factor 3, subunit 5 € (Eif3S5), translation factor
sui1l homolog (Gc20); 3) subset of proteins involved in
folding: DnaJA1, tetratricopeptide repeat domain 2
(Ttc2), heat shock 70-kDa protein 8 (HspA8), heat
shock 105 kDa/110 kDa protein B (Hsp105B) (Fig. 5B);
4) subset of posttranslational modification enzymes:
UDP-N-acetyl-a-D-galactosamine:polypeptide N-acetyl-
galactosaminyltransferase 4 (Galnt4), the O-linked

N-acetylglucosamine (GIcNAc) transferase (Ogt),
dolichyl-diphosphooligosaccharide-protein glycosyl-
transferase (Ddost); 5) subset of proteins involved in
endoplasmic reticulum-Golgi transport: Golgi SNAP
receptor complex member 2 (GosR2), coatomer pro-
tein complex, subunit « (Copa), vacuolar protein sort-
ing 35 (Vps35), coated vesicle membrane protein
(Rnp24), sorting nexin 4 (Snx4); 6) subset of proteins
involved in ubiquitination: ubiquitin-specific protease
13 (Usp13), ubiquitin-specific protease 33 (Usp33),
ubiquitin protein ligase E3A (Ube3A), tetratricopeptide
repeat domain 3 (Ttc3) and proteasome components:
proteasome 26S subunit 6 (Psmc6), proteasome acti-
vator subunit 2 (Psme2). Overall expression of this
cluster was up-regulated between 0700 h (ZT0) and
1100 h (ZT4), and expression of the transcripts within
each subset peaked with tight coordination with the
exception of Usp13 and Galnt4 (Fig. 5A). The expres-
sion profiles for Rps7, Rpl13a, and Rnp24 were vali-
dated by sqRT-PCR.

Transcripts Involved in the Circadian Clock Mech-
anism. Analysis of the fourth main cluster displayed
the rhythmic expression of the clock transcripts Per1,
Per2, Bmal1, Cry1, and Rev-erba. Expression of the
transcriptional repressors Per1 and Per2 peaked at

202 Iudy Gg uo 1sanb Aq 8/#8€/2/¥91 L/G/0Z/2101e/pudLu/wod dno-olwapede//:sdiy Wwody papeojumod



1168 Mol Endocrinol, May 2006, 20(5):1164-1176

A

=
2 T T T T e 'Sic6AZ
2 A TH
£ 1t = pnMT 4 1
g -B- THgPCR i
c ‘S
8 >3
8
o ]
3 [1h]
o 4
o
g =
s -1F 1-1
E
(o] 1 1 L L 1 1
z | I |

3 7 11 15 19 23

Time of day (h)
B

M

3 7 11 15 19 23

Time of day (h)

Fig. 3. Temporal Synchronization of Transcripts Associated
with Catecholamine Synthesis in the Rhesus Macaque Adre-
nal Gland

A, Right ordinate, 24-h microarray profiles. Left ordinate,
expression of TH relative to B-actin, measured by Tagman
gRT-PCR; the data have been normalized such that the me-
dial signal intensity for each gene across all time points is 0.
The white and black bar represents day and nighttime, re-
spectively. B, sqgRT-PCR expression profiles for PNMT and
SIc6A. M, Molecular weight marker.

approximately 0700 h (ZT0), whereas Bmal1, a tran-
scriptional activator, peaked at approximately 1900 h
(ZT12). The peak of expression of Cry1 occurred at
1100 h (ZT8), 8 h after the peaks of Per1 and Per2 (Fig.
5A, upper panel), whereas the peak of Rev-erba oc-
curred at approximately 0300 h (ZT20) (Fig. 6A, lower
panel). Although Clock mRNA was detected, the pro-
file of this transcript failed to meet our statistical cri-
teria for rhythmic expression (Fig. 6A). Rhythmic ex-
pression of core-clock genes was confirmed by the
results of Tagman gRT-PCR for Rev-erba (Fig. 6A,
lower panel) and sqRT-PCR for Per1, Per2, Bmal1, and
Cry1 (Fig. 6B).

Expression of Core-Clock Genes at 0100 h (ZT18)
vs. 1300 h (ZT6)

In a separate experiment, involving a different group of
six adult females, we used an alternative approach
and measured in triplicate the expression of clock
genes in the adrenal gland, at two time points 12 h
apart. The animals were maintained in a 12-h light,

Lemos et al. ® 24-h Gene Expression in Primates

A
=
7] T T T T T T
5 ®- CypT1A1
- 1 A— Cyp17A J
— & Cyb5
b —#— SULT2A1
=
©
o
3
s Of T
3
o
-]
8
5 f 1
E
O L L L 'l L '}
= | Ia— |
3 7 1 15 19 23
Time of day (h)
B
M

3 7 11 15 19 23

Time of day (h)

Fig. 4. Temporal Synchronization of Transcripts Associated
with DHEAS Synthesis in the Rhesus Macaque Adrenal Gland

A, Microarray profiles (24 h); the data have been normal-
ized such that the medial signal intensity for each gene
across all time points is 0. The white and black bar represents
day and nighttime, respectively. B, sqRT-PCR expression
profiles for Cyp11A1 and Cyp17A. M, Molecular weight
marker.

12-h dark lighting regimen with lights on at 0700 h
(ZTO0). Three of the animals were killed at 0100 h (ZT18)
and three at 1300 h (ZT6). sqRT-PCR was used to
assess the expression of Per1, Cry1, and Bmal1, in the
adrenal glands. We found that Per7 mRNA was ele-
vated at 0100 h (ZT18), whereas Bmal1 and Cry1
mRNA levels were elevated at 1300 h (ZT6) (Fig. 7A).
Tagman gRT-PCR analysis of Rev-erba showed sig-
nificantly higher levels of expression at 0100 h (ZT18),
compared with 1300 h (ZT6) (Fig. 7B).

REV-ERB« Oscillation within Chromaffin Cells of
the Primate Adrenal Gland

To investigate the spatiotemporal profile of a circadian
clock protein within the monkey adrenal gland, we
performed immunohistochemistry on fixed monkey
adrenal sections, using an antibody against the orphan
nuclear receptor REV-ERBa. The nuclear staining for
REV-ERBa« was highly localized in the adrenal medulla
(Fig. 8A), specifically within chromaffin cells, where
coexpression of REV-ERBa and tyrosine hydroxylase
(TH) was observed (Fig. 8B). Furthermore, the intensity
of the nuclear staining changed qualitatively across
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Fig. 5. Temporal Synchronization of Transcripts Associated with Protein Synthesis and Turnover in the Rhesus Macaque Adrenal

Gland

A, Hierarchical clustering of genes involved in protein synthesis, processing, secretion, and degradation. Each column
represents a time point, and each row represents a gene. B, Microarray profiles (24 h) of genes encoding ribosomal proteins and
chaperones; the data have been normalized such that the medial signal intensity for each gene across all time points is 0. C,
sqRT-PCR expression profiles for ribosomal components. M, Molecular weight marker. White and black bars represent day and

nighttime, respectively. Min, Minimum; Max, maximum.

the 24-h day (Fig. 8C); it was particularly weak during
the day and increased in intensity during the night,
reaching a maximum when lights came on, at 0700 h
(ZTO) (i.e. 4 h after the transcriptional peak). The stain-
ing was nondetectable in the adrenal cortex at any of
the time points examined (supplemental Fig. 1 pub-
lished on The Endocrine Society’s Journals Online
web site at http://mend.endojournals.org).

DISCUSSION

In the present study, we found that rhythmic hormone
secretion and gene expression occur in the adrenal
gland of the rhesus monkey. Like humans, rhesus
monkeys are more active during the day and show a
consolidated pattern of rest during the night (Fig. 1).
We found that secretion of cortisol, as well as DHEAS,
two steroids synthesized in the adrenal cortex, had a
diurnal pattern (Fig. 1). In males, levels of plasma epi-
nephrine, which is mainly of adrenal medulla origin,
showed a diurnal pattern, when levels at 0100 h (ZT18)
and 1300 h (ZT6) were compared. Taken together,

these results support the view that the adrenal gland of
primates, like that of rodents (30-32), is regulated by
circadian mechanisms.

Our microarray data revealed the existence of os-
cillatory patterns of gene expression in the monkey
adrenal gland. However, there are some caveats. The
adrenal gland is composed of two main regions, the
cortex and the medulla, which lie in very close appo-
sition. Moreover, chromaffin cells from the medulla
frequently invaginate, or migrate, into the cortex, and
conversely, small clusters of cortical cells are often
found in the medulla (33-35). Therefore, gross dissec-
tion of the gland and region-specific gene expression
analysis may result in erroneous conclusions. Conse-
quently, we chose to use the entire adrenal gland for
our microarray analysis, even though this may have led
to some loss of sensitivity, due to normalization of
each probe set’s intensity to an average intensity
value. Also, it is possible that some genes oscillate in
one region, but not in the other, or the same genes
may have different phases of expression in different
regions of the gland, resulting in a net cancellation of
the overall oscillation pattern. As a consequence, it is
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Fig. 6. Expression Profiles (24 h) of Core-Clock Genes in the
Rhesus Macaque Adrenal Gland

A (Upper panel), Microarray profiles for Clock, -O—; Per1, -;
Per2, -@—; Cry1, —A—; and Bmal1, -{]-. A (Lower panel), Nor-
malized array values, — 4 —; and Tagman gRT-PCR expression
levels, — - for Rev-erba. The data have been normalized such
that the medial signal intensity for each gene across all time
points is 0. The white and black bar represents day and night-
time, respectively. B, Validation of the results from the microar-
rays using sqRT-PCR. M, Molecular weight marker.

possible that in our analysis some rhythmically ex-
pressed genes fell below the detection threshold for
rhythmic expression.

The analysis of phase distribution showed that the
number of peaking transcripts began to increase after
the lights were turned off and reached a maximum at
the time when the light were turned back on in the
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Fig. 7. Expression of Core-Clock Genes in the Rhesus Ma-
caque Adrenal Gland at 0100 h and 1300 h, Determined in
Triplicate

A, sqRT-PCR expression levels at 0100 h (lanes 1-3) and

1300 h (lanes 4-6). B, Tagman gRT-PCR expression levels for
Rev-erba; each bar represents mean data from three animals,
and vertical lines indicate the sem. Statistical comparisons
were made by Student’s t test (*, P < 0.05).

morning, at 0700 h (ZT0). These results suggest that
circadian transcriptional activating components in the
rhesus macaque adrenal gland act mainly during the
night phase of the 24-h day.

The analysis of gene clusters indicated that general
cellular processes (e.g. protein synthesis), as well as
pathways related to major organ-specific functions
(e.g. catecholamines synthesis, DHEAS synthesis) are
temporally coordinated at the transcriptional level. Se-
cretion of one of the most important groups of adrenal
hormones, the glucocorticoids, is regulated by hu-
moral and neural inputs with circadian rhythms (36,
37). In the present study, the animals had strong diur-
nal profiles in plasma cortisol levels, with peaks early
in the morning (Fig. 1). At the transcriptional level,
although the mRNAs coding for CYP21A and CYP11B,
the cytochromes that convert 17-hydroxyprogester-
one into 11-deoxycortisol and 11-deoxycortisol into
cortisol, respectively, were detected in our microar-
rays at each of the six time points, these transcripts
failed to reach our statistical criteria for rhythmic ex-
pression, suggesting that there is no major regulation
of the pathway at this level.

The four genes involved in the synthesis of DHEAS
had similar patterns of expression, gradually increas-
ing across the day and peaking with temporal prox-
imity at the beginning of the dark phase (Fig. 9). This
indicates that the pathway is transcriptionally synchro-
nized, and differentially activated early in the night.
Because we found the levels of DHEAS to peak around
0800 h (ZT1) (Fig. 1B), the time window between the
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Fig. 8. Immunohistochemistry for REV-ERB« in the Rhesus Macaque Adrenal Gland

A, Photomicrographs depicting lateral sections through an adrenal gland, collected at 0700 h, and processed for immuno-
histochemistry using nickel-enhanced DAB as the chromogen. Left and right panels show the results of incubation without
(negative control) or with (positive test) antibody against human REV-ERBa. Scale bar, 200 um. B, Double-label immunostaining
in the adrenal medulla at 0700 h, using DAB for TH (white arrow) and DAB/nickel for REV-ERB« (white arrowhead). Scale bar, 50
mm. C, REV-ERB« immunostaining in the adrenal medulla, showing a temporal change in intensity across 24 h. Scale bar, 30 um.
The white and black bar represents day and nighttime, respectively.

transcription of those genes and the secretion of the
hormone may account for the translation of those
mRNAs into functional cytochromes and enzymes for
synthesis of the steroid. Expression of Cyp11AT,
Cyp17A, and SULT2AT1 is activated by ACTH (38, 39),
which is secreted with a circadian pattern by the pi-
tuitary (40). ACTH up-regulates the expression of
Cyp11A1 and Cyp17A, through cAMP-dependent
mechanisms that ultimately lead to the activation of
gene-specific transcription factors that bind to the
promoters of Cyp711A71and Cyp17A, such as steroido-
genic factor 1 and Sp1 (38, 41). Because it has been
demonstrated that epinephrine activates the expres-
sion of Cyp11A1and Cyp17A (42), circadian secretion
of epinephrine by chromaffin cells contacting the zona
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reticularis (34, 35) may also influence the rhythmic
pattern of expression of these cytochromes within the
cortex. Lastly, regulation of hepatic cytochrome P450s
by D-site albumin promoter binding protein (DBP) and
deleted in esophageal cancer 2 (DEC2), regulators of
the mammalian circadian clock, has been reported
(43); this suggests that Cyp77A1and Cyp17A may be
regulated by a circadian clock mechanism, which is
consistent with the finding that mice show a circadian
expression pattern of Cyp77A and Cyb5 (18, 21).
Rhythmic transcriptional regulation of catechol-
amine synthesis and reuptake might be of relevance
for the diurnal secretion of catecholamines. In humans
both the levels of epinephrine and norepinephrine in
plasma peak between 1200 h and 1400 h, and decline

catecholamines
synthesis

Fig. 9. Transcriptional Organization of Adrenal Biochemical Pathways across the 24-h Day

The white and black segments of the circle represent day and nighttime, respectively, and the numbers around the perimeter
represent the time of day (h). The times when catecholamine synthesis and reuptake are positively regulated are indicated by lines. Inner

segments of the circle represent the periods during which cholesterol cleavage and DHEAS synthesis, and protein synthesis and
turnover transcripts, are positively regulated. The colors within the circle correspond to the names of the biochemical pathway.
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during the evening (3, 4). Consistent with those previ-
ous observations, our results show that epinephrine is
significantly higher at 1300 h (ZT6), compared with
0100 h (ZT18) in the rhesus macaque. Our gene ex-
pression data showed that synchronization of TH and
PNMT transcription occurs at approximately 0700 h
(ZT0) (Fig. 9), possibly coordinating the cytoplasmic
and the intravesicular stages of the pathway during the
period of synthesis of catecholamines early in the day.
On the other hand, the expression peak of SIC6A2 at
approximately 1900 h (ZT12) supports the idea of an
increase in the reuptake of norepinephrine and refilling
of intracellular vesicles during the phase of secretion.
Three important factors that affect the expression of
TH and PNMT must be considered as influencing the
oscillatory pattern of expression of these genes: 1)
signals from the SCN that are transmitted to the adre-
nals through the sympathetic preganglionic cells of the
intermediolateral cell column (29, 37, 44); 2) circadian
secretion of glucocorticoids that regulate gene ex-
pression through the glucocorticoid receptor; and 3)
transcriptional regulation by clock genes through con-
sensus E box motifs that have been identified in the
promoter region of the TH gene, and in the exon/intron
1 junction of the norepinephrine transporter gene (45,
46).

We found that various genes involved in protein
synthesis and turnover oscillate with a rhythmic pat-
tern in the monkey adrenal, which is consistent with
previous reports of protein concentrations having cir-
cadian rhythms in the rat adrenal (47, 48). Indeed,
circadian expression of genes involved in protein syn-
thesis and turnover has been consistently reported in
previous circadian microarray studies of different or-
ganisms, including Drosophila (49), Arabidopsis (50),
rat-1 fibroblasts (51), and mice (18-21). Although ad-
ditional studies will be necessary to elucidate the func-
tional significance of this phenomenon, the findings
suggest that, during the course of evolution, cells may
have conserved a specific circadian program that or-
ganizes the pathway at different levels: ribosome,
translation initiation, protein folding and sorting, gly-
cosylation, and degradation. Moreover, they raise the
question of what might happen in cells that lack func-
tional circadian machinery (i.e. clock mutants), in
terms of correct synthesis, gene processing and fold-
ing of new proteins, and triggering of the stress re-
sponse when misfolding occurs.

Various approaches have been used to elucidate the
circadian mechanisms that control diurnal adrenal
function. From studies performed under free-running
conditions, it is clear that adrenocortical physiology is
driven by a circadian oscillator (30-32, 49, 53). For
example, ablation of the SCN or destruction of its
serotonergic afferents led to loss of circadian rhythm
of corticosterone secretion in rats, implying a major
role for the master clock in the regulation of adreno-
cortical function (54, 55). Moreover, a recent study
showed that light, a major circadian cue, triggers the
secretion of corticosterone in rats via the SCN (29). In
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addition to the classical pathway connecting the SCN
with the adrenal through the HPA axis and the secre-
tion of ACTH, it has also been demonstrated that the
SCN drives the secretion of corticosterone through a
neural pathway that involves the sympathetic innerva-
tion of the gland (29, 37). Early in vitro studies provided
evidence that the adrenal gland might contain an in-
trinsic circadian oscillator (56-58). Because the adre-
nal is the target of multiple inputs with a circadian
rhythm, the existence of a molecular clock mechanism
able to organize gene expression across a 24-h day
might be a way for the organ to balance its own
homeostasis with the temporal demands of the body.
Data from the present study demonstrate that a mo-
lecular circadian clock mechanism is likely to exist in
the adrenal gland of primates. This mechanism com-
prises the expression of the core clock components
Clock, Bmal1, Per1, Per2, Cry1, and Rev-erba, as well
as the circadian clock regulators Dec2 and Nfil3/
E4bp4 (supplemental Table 1). The phase distribution
of these transcripts was highly consistent with the
mammalian clock model (59). Our 24-h transcriptome
profiling experiment showed that the expression peak
of the transcriptional activator Bmal1l was approxi-
mately 12 h out of phase with the repressors Per7 and
Per2 (Fig. 6), whereas expression of Cry1, similarly to
what has been described in rodents (12, 21, 50),
peaked approximately 8 h after Per? and Per2. In
addition, we found no significant oscillation for Clock
(Fig. 6). These results were corroborated in a second
independent experiment, in which clock gene accu-
mulation was compared between 0100 h (ZT18) and
1300 h (ZT6), two time points that were not assessed
in the preceding gene microarray experiment. The re-
sults clearly confirmed the precise phase relationship
for a circadian clock (Fig. 7). Moreover, it has recently
been found that light up-regulates the expression of
Per1 in the adrenal gland of Per1-luc transgenic mice.
Because a role for PER1 in resetting the molecular
circadian clock has been proposed (60), it is plausible
that light exerts a resetting effect on adrenal clock
gene expression by activating PER1.

In keeping with the diurnal vs. nocturnal nature of
monkeys and mice, respectively, a previous mouse
adrenal study performed under similar photoperiodic
conditions (i.e. 12-h light, 12-h dark conditions; lights
on at 0700 h) reported that both Per? and Per2
showed an expression peak at around 1630 h (ZT9.5),
closer to the dark phase (28). Conversely, in the
present monkey adrenal study we found that both
Per1 and Per2 had an expression peak at the begin-
ning of the light phase. In addition, the temporal pro-
files of adrenocortical secretory activity in both spe-
cies are opposite: the peak of corticosterone occurs at
the beginning of the dark phase in the case of mice,
whereas the peak of cortisol occurs at the beginning of
the light phase in the case of monkeys. Together,
these results indicate that adrenal activity is temporally
out of phase in diurnal mammals compared with noc-
turnal ones, and also that diurnal transcriptional mech-
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anisms regulating gene expression within this endo-
crine organ have the same temporal relationship.

We found that the translated product of one of these
transcripts, REV-ERBq«, was expressed in the nuclei of
the chromaffin cells in a circadian fashion, suggesting
that this cell type harbors a molecular clock mecha-
nism. Although we did not observe immunoreactivity
for REV-ERBa in the adrenal cortex, results from mice
adrenals, in which different levels of expression were
found for Per1 and Per2 between the cortex and the
medulla (28, 29), indicate that a more complete anal-
ysis of each clock component is necessary to arrive at
definitive conclusions about the existence or absence
of clock mechanisms in both regions. However, the in
situ results of Bittman et al. (28), showing synchronous
oscillation of both Per transcripts in the adrenal cortex
and medulla of mice, suggest that if functional circa-
dian oscillators are intrinsic to both regions they are
likely to be synchronized under normal light-dark en-
vironmental conditions.

The adrenal gland plays multiple roles in human
physiology, and, from a clinical perspective, abnormal
functioning of specific regions of the gland may con-
tribute to different pathologies, including obesity, dia-
betes, and cardiac diseases (61-63). The existence of
temporal organization of gene expression, together
with a circadian oscillator, within the primate adrenal
introduces a new component that may help elucidate
the circadian physiology of this organ.

MATERIALS AND METHODS

Animals

Six young adult female rhesus monkeys (Macaca mulatta;
age range: 8-11 yr old) were housed in a temperature-
controlled environment, under a 12-h light, 12-h dark photo-
period, lights on 0700 h (ZT0). They were fed primate chow
(Purina Mills Inc., St. Louis, MO) at 0800 h (ZT1) and at 1500 h
(ZT8) each day, supplemented with fresh fruit and vegeta-
bles; drinking water was available ad libitum. The activity-rest
cycle of each animal was continuously monitored using an
Actiwatch recorder (Mini Mitter Co., Inc., Sunriver, OR). The
animals were cared for by the Oregon National Primate Re-
search Center, Division of Animal Resources, in accordance
with the National Institutes of Health (NIH) Guide for the Care
and Use of Laboratory Animals. The research was approved
by the Institutional Animal Care and Use Committee.

Hormone Assays

Blood samples were collected hourly across 24 h, using a
remote swivel/tether-based sampling system (5). The assay
for cortisol was performed as previously described (5, 64),
utilizing a 2010 Elecsys assay instrument (Roche Diagnostics,
Alameda, CA). DHEAS was assayed as previously described
(5, 65), using a competitive-binding RIA kit (Diagnostic Prod-
ucts Corp., Los Angeles, CA).

RNA Extraction

Animals were painlessly killed (in accordance with the NIH
Guide for the Care and Use of Laboratory Animals) at different
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times across the 24-h day. During the nighttime necropsies,
the animals’ eyes were covered to prevent illumination of the
retina. Various tissues were collected and used in this and
other unrelated studies. In all experiments, left adrenal glands
were used for RNA extraction, whereas right adrenal glands
were used for histology. In experiment 1 (the 24-h profile
study) one adrenal gland per time point was collected. In
experiment 2 (the 1-h vs. 13-h time point comparison study)
three adrenal glands per time point were collected. The adre-
nals were quickly frozen in liquid N, and subsequently ho-
mogenized using a PowerGen rotor-stator homogenizer
(Fisher Scientific, Pittsburgh, PA). Total RNA was extracted
using RNeasy columns (QIAGEN, Valencia, CA); the final
concentration and purity were determined by spectropho-
tometry, and the integrity was assessed using an Agilent
2100 Bioanalyzer (Agilent Technology, Palo Alto, CA).

Gene Microarray

Four factors dictated our use of the Affymetrix human
HG_U133A gene microarray platform. First, there was no
rhesus macaque gene microarray platform available at the
time of this study. Second, the genetic homology between
human and rhesus monkeys has been estimated to be be-
tween 92.5% and 95% (66). Third, the feasibility of using the
Affymetrix human GeneChip in nonhuman primate studies
has been previously demonstrated (67, 68). Fourth, applica-
tion of the first filter in our microarray data analysis rigorously
defined the presence of each transcript; we only selected
transcripts that showed at least four Present calls of six, and
this criterion ensured a reproducibility of at least 67% in the
hybridization of each identified transcript.

cDNA synthesis, cRNA synthesis, hybridization, and array
scanning were performed at the Affymetrix Microarray Core,
Oregon Health and Science University West Campus, follow-
ing the Affymetrix GeneChip Expression Analysis Technical
Manual. The Matchminer software, obtained from the NCI/
LMP Genomics and Bioinformatics group, was used to iden-
tify and annotate the genes represented on the microarray.

Data Analysis

Raw scanner image files were analyzed using Affymetrix MAS
5.0 absolute expression analysis software. The parameters «,
and a,, which set the point at which a probe set is called present
(P), marginal (M), or undetectable (A), were set to 0.1 and 0.15,
respectively. Comparisons were performed using global scal-
ing, with the target intensity value set to an average intensity of
325; this allowed for the direct comparison of hybridization
values from the different arrays. To extract those genes that
have robust oscillatory patterns we used three statistical filters.
The first filter was aimed at reducing the effect of interspecies
hybridization by ensuring the reproducibility of the hybridization
and the presence of that transcript; it included probe sets with
at least four Present calls. To identify genes with rhythmic ex-
pression, we used an adaptation of a previously described
statistical method (21, 52); we empirically tested for statistical
significant cross-correlation between six time point courses of
each probe set and cosine curves of defined period and phases.
We used the cosine curve {t, V2 Cos@2 (t; — b)/24)} with a
phase b (0 = b < 24) to prepare 144 test cosine curves of 24-h
periodicity, with a phase b from 0-24 h in increments of 10 min,
and calculated the correlation value of the best-fitting cosine
curve for each probe set. We selected the probe sets with
correlation values above the cut off value of 0.8. To avoid noise
and trivial oscillations, we extracted genes oscillating with high
amplitude: we calculated the coefficient of variation of the six
expression values, defined as its sb divided by the average
expression value and selected the probe sets the coefficients of
variations of which were above the cutoff value of 0.20. The
peak-to-trough ratio was calculated for each probe set, and
expressed as fold change (FC), in supplemental Table 1.
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Expression data and other pertinent biological informa-
tion have been deposited in the Gene Expression Omnibus
(GEO) database (http://www.ncbi.nim.nih.gov/geo/) with ac-
cession number: GSE2703. (ID: lemosd_rev_1; password:
720865595).

Hierarchical Clustering and Peak Time Analysis

Hierarchical clustering was performed on the 322 rhythmically
expressed genes. Using average-linked cluster analysis, dis-
tances were measured by the cosine correlation coefficient for
similarity measurement. To estimate the peak time of each
gene, we estimated the peak time of each cycling gene from the
peak time of the most highly correlated cosine wave. The tran-
scripts were then clustered according to their peaking times.

sqRT-PCR

For experiment 1 (the 24-h profile study) and experiment 2
(the 100-h vs. 1300-h time point comparison study), 2 ug of
total RNA was used for sgRT-PCR. The cDNA was synthe-
sized using the Omniscript kit (QIAGEN) and oligo d(T)5
primers (Promega Corp., Madison, WI). The reaction was
performed following the manufacturer’s instructions, in a
20-ul volume and at 37 C for 1 h. PCR amplifications were
performed using 1 wl of cDNA, 200 um deoxynucleotide
triphosphates (Promega), 0.5 um of each primer, and 2.5 U of
HotStarTaq polymerase (QIAGEN) in 25 ul reaction. The re-
actions were performed using the following program: 95 C,
15 min; 94 C, 1 min; specific annealing temperature for each
primer set, 1 min and 72 C, 1 min. Potential primers se-
quences were chosen using regions conserved in humans
and mice. Those sequences were then Blasted against the
monkey sequences available at the Human Genome Se-
quencing Center at Baylor College of Medicine (http://www.
hgsc.bcm.tmc.edu/projects/rmacaque/), to obtain, whenever
available, the monkey sequences. The primers were pur-
chased from Invitrogen (Carlsbad, CA). The sequences were:
Per1-F (forward), GCCAGCATCACTCGCAGCAGC; Per1-R
(reverse), GTGGGTCATCAGGGTGACCAGG; Bmal1-F, CACA-
GCATGGACAGCATGCTGC; Bma1-R, GCCACCCAGTCCA-
GCATCTGC; Per2-F, CATCCACTGGTGGACCTCGCG;
Per2-R, GGCTCACTGGGCTGCGACGC; Cry1-F, GCCTGT-
CCTAAGAGGCTTCCCTG; Cry1-R, ACTGAGACCAGTGCC-
CATGGAGC; PNMT-F, GGAGCATGTACAGCCAACATGCC;
PNMT-R, CAGGCATGATATAGGTGCGGAGG; SIc6A2-F,
GGAGAGCTACCAACTCTTGCCAG; SIc6A2-R, ACCCAGCT-
AGTCAGCTGCAGAC; Cyp11A1-F, GCCATCTATGCTCTGG-
GCCGAG; Cyp11A1-R, CCATCCTCTCTGATCACTGCTGG;
Cyp17A1-F, GAGTGGCACCAGCCGGATCAG; Cyp17A1-R,
CTCCAGGCCTGGCGCACCTTG; Rnp24-F, CCGTCCTAAT-
GGCAGAGCTCTC; Rnp24-R, AAGCCACCACTCACTGGGA-
CAGC; Rpl13a-F, GCAGTCCAGGTGCCACAGGCAG; Rpl13a-R,
AGGTGAGGAGCATGGGCGAT GC; p-actin-F, CATTGCTC-
CTCCTGAGCGCAAG; p-actin-R, GGGCCGGACTCGTCAT-
ACTCC. The number of PCR cycles was established after
testing a range of 20-35 to ensure that the amount of DNA
product remained in the logarithmic range of the amplification
curve. Control reactions using the RNA samples were per-
formed so as to rule out genomic contamination. PCR prod-
ucts (7 pl) were separated on 2% agarose gels, stained with
ethidium bromide using electrophoresis, and were photo-
graphed under UV light.

Tagman Quantitative RT-PCR

The RNA was diluted to 0.1 ug/ul, and cDNA was prepared
by random-primed reverse transcription using random hex-
amer primers (Promega), 200 ng of RNA, and the Omniscritp
kit (QIAGEN). The reverse transcription reaction was diluted
1:100 for PCR analysis. The PCR mixtures contained 5 ul of
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Tagman Universal PCR Master Mix, 300 nm specific target
gene primers, 50 nm human B-actin primers (Applied Biosys-
tems, Foster City, CA), 250 nm specific probes, and 2 pul
cDNA. Reactions were conducted in triplicate for higher ac-
curacy. The amplification was performed as follows: 2 min at
50 C, 10 min at 95 C, and then 40 cycles each at 95 C for 15
sec and 60 C for 60 sec in an ABI/ Prism 7700 Sequences
Detector System (Applied Biosystems). After completion of
the PCR, baseline and threshold values were set to optimize
the amplification plot. Standard curves were drawn on the
basis of the log of the input RNA vs. the critical threshold
cycle, which is the cycle during which the fluorescence of the
sample was greater than the threshold of baseline fluores-
cence. Standard curves were used to convert the critical
threshold values into relative RNA concentrations for each
sample. The primers and probes were designed using Prim-
erExpress software (Applied Biosystems) and were pur-
chased from Invitrogen and Sigma Genosys (St. Louis, MO),
respectively. For Rev-erba, the primers and probe were de-
signed using the rhesus macaque sequence available in the
GenBank database (accession no. BV208705); for TH, the hu-
man sequence was used (accession no. NM_199292). The se-
quences were: Rev-erba-F, ACCCTGAACAACATGCATTCC;
Rev-erba-R, GGAGAGAGAAGTGCAGAGTTCGA, Rev-erba
probe, 5'-6FAM-CTGCCGCTGCCCCCTTGTACA-TAMRA-3';
TH-F, TCATCACCTGGTCACCAAGTTC; TH-R, CGATCTCAG-
CAATCAGCTTCCT; TH probe, 5'-6FAM-CTCGGACCAGGTG-
TACCGCCA-TAMRA-3'.

Immunohistochemistry

Right adrenal glands from experiment 1 (the 24-h profile study)
were fixed in 4% paraformaldehyde, and 25-um sections were
cut using a frozen-stage sliding microtome; they were immedi-
ately transferred to a cryoprotectant solution and stored at —20
C until use. Single-label immunohistochemistry for REV-ERB«
was performed as follows: floating tissue sections were re-
moved from the cryoprotectant and washed in 0.02 m potas-
sium PBS (KPBS). Antigen retrieval was performed by heating
the tissue in 20 mm sodium citrate buffer, pH 9.0, in a water bath
at 90 C, for 30 min. The sections were incubated in blocking
buffer (KPBS + 0.5% Triton X-100 + 2% normal donkey serum)
for 30 min, to reduce background staining, and then incubated
in rabbit polyclonal human REV-ERB« antibody (1:1000; Life-
span Biosciences, Seattle, WA) for 48 h at 4 C. After washing in
KPBS, the sections were incubated for 1 h in biotinylated don-
key antirabbit antibody (1:500; Jackson ImmunoResearch Lab-
oratories, Inc., West Grove, PA), washed, and then incubated in
avidin-biotin solution (Vectastain, Vector Laboratories, Burlin-
game, CA) for 1 h. REV-ERB« -immunoreactivity was visualized
using the chromagen 3,3’-diaminobenzidine tetrachloride (DAB)
enhanced with nickel chloride. Double-label immunohistochem-
istry for REV-ERBa and TH was performed using the mouse
polyclonal TH antibody. Briefly, after staining for REV-ERBq, the
sections were incubated in mouse TH antibody (1:2000; Roche
Clinical Laboratories, Indianapolis, IN) 24 h at 4 C. After washes
in KPBS, the sections were incubated for 1 h in biotinylated
donkey antimouse antibody (1:500; Jackson ImmunoResearch
Laboratories) and then washed and incubated in avidin-biotin
solution for 1 h. TH immunoreactivity was visualized with DAB
without nickel enhancement. Negative controls were performed
in which the primary antibodies were omitted. Sections from all
of the experiments were mounted onto glass microscope slides
and coverslipped.
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