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Background & Aims: Based on observations that
the gastrointestinal tract is subject to various 24-
hour rhythmic processes, it is conceivable that
some of these rhythms are under circadian clock
gene control. We hypothesized that clock genes are
present in the gastrointestinal tract and that they
are part of a functional molecular clock that coor-
dinates rhythmic physiologic functions. Methods:
The effects of timed feeding and vagotomy on tem-
poral clock gene expression (clock, bmall, perl-3,
cryl-2) in the gastrointestinal tract and suprachias-
matic nucleus (bmal, per2) of C57BL/6] mice were
examined using real-time polymerase chain reac-
tion and Western blotting (BMAL, PER2). Colonic
clock gene localization was examined using immu-
nohistochemistry (BMAL, PER1-2). Results: Clock
immunoreactivity was observed in the myenteric
plexus and epithelial crypt cells. Clock genes were
expressed rhythmically throughout the gastrointes-
tinal tract. Timed feeding shifted clock gene expres-
sion at the RNA and protein level but did not shift clock
gene expression in the central clock. Vagotomy did not
alter gastric clock gene expression compared with sham-
treated controls. Conclusions: The murine gastrointes-
tinal tract contains functional clock genes, which are
molecular core components of the circadian clock. Day-
time feeding in nocturnal rodents is a strong synchro-
nizer of gastrointestinal clock genes. This synchroniza-
tion occurs independently of the central clock. Gastric
clock gene expression is not mediated through the vagal
nerve. The presence of clock genes in the myenteric
plexus and epithelial cells suggests a role for clock genes
in circadian coordination of gastrointestinal functions
such as motility, cell proliferation, and migration.

D aily biologic rhythms and the clocks that coordi-
nate them are fundamental properties of most or-
ganisms.! Processes ranging from transcription to phys-

iology and behavior are expressed predominantly at one
time of day or another, synchronizing their peak activity
with external time cues. These daily biologic rhythms are
regulated by endogenous oscillators that express rhyth-
mic function with a period close to 24 hours (circadian).
Circadian oscillators are in turn synchronized or en-
trained on a daily basis to environmental cues so as to
maintain a stable phase relationship with the 24-hour
time span of the day.

Various gastrointestinal functions show a daily rhyth-
micity.2-*4 Gastric acid secretion increases at night, and
colonic motor activity increases in the morning.5¢ Daily
variations in expression of individual proteins such as the
intestinal Na*/glucose cotransporter and Toll-like recep-
tors have been described as well.7# Disruption of daily
rhythms, which occurs with shift work or transmeridian
traveling, has been associated with gastrointestinal symp-
toms such as abdominal bloating, abdominal pain, diar-
rhea, or constipation.®'° These observations strongly sug-
gest a functional correlation between biologic rhythms
and gastrointestinal physiology.

The hypothalamic suprachiasmatic nucleus (SCN) in-
fluences the expression of all circadian rhythms in mam-
mals.!! Ablation of the SCN abolishes or dampens circa-
dian rhythms in locomotor activity, sleep-wake cycles,
body temperature, heart rate, and feeding. Circadian
functions of feeding may depend on a separate food-
entrainable oscillator.’? Even though an SCN lesion abol-
ishes patterns of ad libitum feeding, SCN-lesioned rats
and mice will entrain to a scheduled feeding regimen. An
anticipatory feeding rhythm persists when the rodents
are transferred to ad libitum food following the restricted
feeding protocol. These data suggested early on that
food-associated oscillation is influenced rather than
driven by the SCN pacemaker.

Molecular mechanisms underlying circadian rhythms
are conceived as a series of interlocking molecular loops

Abbreviation used in this paper: SCN, suprachiasmatic nucleus.
© 2007 by the AGA Institute
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involving rhythmic transcription of specific “clock genes”
and the interactions of the proteins they encode. These
clock genes comprise “positive elements” clock and bmall,
whose protein products dimerize, enter the nucleus, and
stimulate transcription of “negative elements” period 1, 2,
and 3 (perl-3) and cryptochrome 1 and 2 (cryl-2). The
protein products of these genes (PER1-3, CRY1-2) in turn
oligomerize, enter the nucleus, and suppress the activity
of the CLOCK/BMALI complex.!:'3 Other members of
this set of interacting genes are reviewed elsewhere.!

Clock genes are also expressed rhythmically in periph-
eral organs in which they can presumably coordinate
expression of a subset of tissue-specific genes, which may
in turn impact directly on their physiologic functions.!3
Although the central clock is light responsive and can be
synchronized or reset by environmental cues such as the
light/dark cycle, peripheral clocks cannot perceive light.
These may be entrained by the central clock or indepen-
dently by other physiologic stimuli such as feeding. The
mechanism of interaction through which the central
clock entrains peripheral clocks is unknown.!3

Based on observations that the gastrointestinal tract is
subject to various 24-hour rhythmic processes, it is con-
ceivable that some of these rhythms are under circadian
clock gene control, whereas others may turn out to be
dependent on other factors. We hypothesized that clock
genes are present in the gastrointestinal tract and that
they are part of a functional molecular clock that coor-
dinates rhythmic physiologic functions.

Materials and Methods
Animals

Male CS57BL/6] mice (8-12 weeks of age) were
purchased from Jackson Laboratory (Bar Harbor, ME).
Experimental protocols were approved by the Institu-
tional Animal Care and Use Committee (IACUC) in ac-
cordance with the guidelines provided by the National
Institutes of Health.

Circadian Experiments

Mice were maintained for 2 weeks on a light/dark
cycle of 12 hours light:12 hours darkness (lights on 0700,
lights oft 1900; light/dark cycle 12:12) prior to all exper-
iments. For the reference experiment, mice were kept in
light/dark cycle with ad libitum access to food. Samples
were collected every 4 hours starting 1 hour after the
lights went on for 48 hours. To determine whether
rhythms of clock gene expression persist in constant
darkness, mice were kept in constant darkness for a total
of 48 hours with ad libitum access to food. In this case,
samples were collected in constant darkness at the same
times as those collected in light/dark cycle. For timed
feeding experiments, mice were kept for a total of 48
hours or 1 week on a regular light/dark cycle with access
to food for 4 hours (0800-1200). For all experiments,
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animals were anesthetized with ketamine (100 mg/kg)
and xylazine (10 mg/kg) prior to laparotomy. The gastric
body was resected. Proximal colonic tissue was resected
approximately 1.5 cm from the cecum, midcolon was
resected approximately 3 cm from the cecum, and distal
colon was resected approximately 0.5 cm above the anus.
Mice were killed by decapitation. The brain was removed
from the skull and frozen in powdered dry ice.

Vagotomy

Truncal vagotomy was performed by cutting the
vagal trunks around the abdominal esophagus as previ-
ously described.'* In brief, following a midabdominal
laparotomy, the distal esophagus was identified, and the
posterior and anterior branches of the vagal nerve were
transected. In sham-treated animals, the branches were
manipulated only. Tissues were resected 10 days postsur-
gery. Stomachs of vagotomized mice were grossly en-
larged at the time of death consistent with the effect of
vagotomy.

Materials

Antibodies used for fluorescent immunohisto-
chemistry are as follows: PER1 1:100 (Abcam, Cambridge,
MA), PER2 1:100 (Alpha Diagnostic International, San
Antonio, TX), B-tubulin 1:250 (Aves Labs, Inc, Tigard,
OR), and Alexa-conjugated secondary antibodies 1:200
(Molecular Probes, Leiden, The Netherlands). Antibodies
used for nonfluorescent immunohistochemistry and
Western blotting are as follows: PER2 1:200 (Chemicon,
Temecula, CA), Bmal 1:400 (Novus, Littleton, CO),
and actin 1:1000 (Santa Cruz Biotechnology Inc, Santa
Cruz, CA).

Tissue Processing and Immunobistochemistry

Frozen sections. Mice were transcardially per-
fused and fixed with 4% paraformaldehyde. Tissues were
removed, postfixed in 4% paraformaldehyde (1 hour) at
room temperature, and cryoprotected by infiltration in
30% sucrose/phosphate-buffered saline (PBS) overnight
at 4°C. The tissue was placed in Optimal Cutting Tem-
perature embedding medium (Tissue Tek, Sakura, To-
kyo) and frozen over dry ice. Frozen sections (10 um)
were cut at —15°C on a cryostat, placed on plus slides
(VWR, West Chester, PA), and stored at —80°C.

Immunohistochemistry. Tissue was rehydrated in
PBS (20 minutes) at room temperature, blocked with 5%
normal serum (1 hour), washed in PBS, and incubated
with primary antibodies diluted in 1.5% normal serum
overnight at 4°C. Slides were rinsed in PBS, incubated
with Alexa-conjugated secondary antibodies (1 hour) at
room temperature, washed in PBS, and mounted with
FluorSave (Calbiochem, Darmstadt, Germany). Controls
for specificity of immunolabeling included omission
of the primary antibody from the immunostaining
procedure.
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Table 1. Clock Gene Primers for Conventional PCR agene, La Jolla, CA) was performed using clock gene-
Accession specific primers (Table 1: nucleotide sequence) as fol-
Primers Sequence number lows: initial denaturation 95°C (1 minute), 95°C (1
CLOCK-FW CCAGCACATGATACAGCAAC AF0OOgeg  minute), 56°C (1 minute), 72°C (1 minute) for 35
CLOCK-RV GAAGGAAGCTGCTGTTCCTG cycles, 72°C (10 minutes) final extension. Fragments
BMAL1-FW CTATCTTCCTCGGACACTGC BC025973 were ligated into pGEM SZ(f)+ (Promega) and se-
BMAL1-RV CTTCTTGCCTCCTGGAGAAG quenced'
PER1-FW GGAGCTACTGCTCCAAGAAG AF022992
PER1-RV CCATGGCAGAGTCCTGAGAG )
PER2-FW CTGCACATCTGGCACATCTC AF035830 Real-time PCR
PER2-RV GCTTCTGAGGTATCACAGAG TAQMAN 2-step real-time PCR was performed
EEE;E\OI g?;%?GnGAgT%Tr%AgAﬁ%gig AF050182 using reagents from Applied Biosystems (Foster City,
CRY1-FW GCTTGCAAGCCCAACTGGAC BCO85499 CA) on a Chromo4 Continuous Fluorescence Detector
CRY2-RV GTCTCCATTGGGATCTGTCC (Bio-Rad, Hercules, CA). Primers were designed with
CRY2-FW GTTTGGCAAGGAGGAGAGAC BCO54794  Primer Express software from ABI (Applied Biosys-
CRY2RV GTCTCCATTGGGATCTGTCC tems), and fluorescent probes were ordered from Inte-
FW, forward; RV, reverse. grated DNA Technologies, Inc (Coralville, IA). (Table
2: primer-probe sequences). To develop a real-time
Imaging multiplex PCR assay, probes for individual genes were
Images were captured using an Olympus BX60 flu- labeled with reporter dyes (fluorophores) of different
> orescent microscope (Olympus, Melville, NY) equipped with ng.elengths (EAM’ Texas-Red, aqd Cy.S). Probgs were
2 Metaview software (Universal Imaging Corp, West Chester, 1r11t1a1.1y used m single PCR, amPhﬁcanr} reactions to
Zp PA). establish maximum amplification e.fﬁa.er'lcy. Subse-
B quently, primers and probes for 2 individual genes
o ? Total RNA Extraction were combined with the 18S control (VIC) and used on
E Total RNA was isolated using TRIzol Reagent samp.le.s in 1 single PCR reaction. Thermal cycling
- (Invitrogen, Carlsbad, CA) and treated with Dnase I (Pro- conditions were as follows: 50°C (2 minutes), 95°C (10
mega, Madison, WI) at 37°C for 30 minutes. minutes), 95°C (15 seconds), and 60°C (1 minute) for
40 cycles. Real-time PCR for vagotomized and sham-
Rever:?e-Transcription Polymerase Chain operated mice were completed with TagMan Gene Ex-
Reaction pression Assays from Applied Biosystems containing
Reverse-transcription polymerase chain reaction primer/probe sets for clock, bmal, per1-3, and cryl on an

(RT-PCR) (ProSTAR Ultra HF RT-PCR System; Strat-  Eppendorf MCEP Realplex (Westbury, NY).

Table 2. Clock Gene Primers and Probes for Real-time PCR

Primers 5' 3’ Sequence Accession number
CLOCK-FW TCTACAGAAGAGCATTGATTTTTTGC AF000998
CLOCK-RV TCATTACTAAGGAATGTGGGTTTCC AF000998
CLOCK-Probe DFAM DTAM TGCACAGTCAGATGCTAGTGAGATTCGACA AF000998
BMAL-FW CGTTTCTCGACACGCAATAGAT AB014494
BMAL-RV TCCTGTGGTAGATACGCCAAAA AB014494
BMAL-Probe DFAM DTAM AATTTGTTTTTGTAGATCAGAGGGCGACAGCTAG AB014494

CTGTCGCCCTCTGATCTACAAAAACAAATT
PER1-FW CACTGAGAGCAGCAAGAGTACAAACT AF022992
PER1-RV AGATGGGTTGTCCTGCTCTGA AF022992
PER1-Probe DTXR DBH2 AGCAGCTCCATTGCCTACAGCCTCCT AF022992
PER2-FW GATGACAGAGGCAGAGCACAAC AF035830
PER2-RV TTTGTGTGCGTCAGCTTTGG AF035830
PER2-Probe DCY5 DBH2 CCTCCACGAGCGGCTGCAGTAGTG AF035830
PER3-FW GGTCCTCTGCAGGGCACTT AF050182
PER3-RV TTCAGACATTCTGTTTCGGTCTTC AF050182
PER3-Probe DFAM DTAM CGTGGACAGCAGCCACAGTGAACA AF050182
CRY1-FW CCCTGTGGGTTTTGGTAGGA ABOOO777
CRY1-RV TGCAGGGAAGCCTCTTAGGA ABOOO777
CRY1-Probe DFAM DTAM CAGATCCCAATGGAGACTATATTAGGCGTTATTTACC ABOOO777
CRY2-FW GGCGTGGAGGTGGTGACT AB003433
CRY2-RV TGGTTTCTGCCCATTCAGTTC AB003433
CRY2-Probe DTXR DBH2 AGAACTCTCACACCCTCTATGACCTAGACAGAATCA AB003433

FW, forward; RV, reverse.
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Laser Capture Microdissection

Preparation of sections. Frozen sections (10 wm)
were cut on a cryostat, mounted on super-frost slides,
and stored at —20°C. Slides were thawed at room tem-
perature (30 seconds), fixed (1 minute) with 75% ethanol,
and prepared for laser capture microdissection (LCM) as
previously described.!s

LCM. LCM was performed using a PixCell II laser
capture microscope with an infrared diode laser (MDS

Figure 1. (A) Agarose gel showing
RT-PCR products for parts of individ-
ual clock gene coding regions. Left
lane shows the marker. No-RT con-
trols are flanking clock gene am-
plimers to the right. Predicted am-
plimers sizes: clock, 491 bp; perT,
200 bp; per2, 991 bp; per3, 527 bp;
cryl, 551 bp; cry2, 600 bp; bmall,
992 bp. (B) Images of distal colon with
hematoxylin counter staining (original
magnification, X40). Thin black ar-
rows point toward areas of positive
(brown) staining cells in the myenteric
plexus, and thick black arrows point
toward areas of positive staining of
epithelial cells for PER2 antibody and
BMAL antibody. (C) Images of double
labeling immunohistochemical stain-
ing of PER1 and PER2 (green) with
B-tubulin (red) in the murine colon.
The overlap image represents super-
imposition of fluorescent and bright
field images. LM, longitudinal muscle;
CM, circular muscle, MP, myenteric
plexus. Bar, 20 um. Arrows point to-
ward area of overlapping staining in
the myenteric plexus.
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Analytical Technologies, Inc, Toronto Canada). Several
thousand neurons from 6 to 8 sections of SCN were
captured. The smallest laser spot size (7.5 wm) was used
with a power setting of 75-100 mW and pulse duration
0f 0.85-1.5 ms. Both lobes of the SCN from 6 -8 slides of
each mouse brain were captured.

RNA isolation. Total RNA was extracted using
the RNAqueous-Micro kit (Ambion, Austin, TX) accord-
ing to modified manufacturer’s protocol. DNase treat-
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ment was performed to remove genomic DNA. DNase
was subsequently removed with DNase Inactivation
Reagent.

Western Blotting

Tissue was homogenized in buffer with 2% so-
dium dodecyl sulfate, 100 wmol/L protease cocktail in-
hibitor, 1 mmol/L phenylmethylsulphonyl fluoride, 1
mmol/L EDTA in 50 mmol/L Tris-buffered saline. Sam-
ples were centrifuged at 14,000¢g (15 minutes) and super-
natants transferred. Protein concentrations were deter-
mined by BCA protein assay (Pierce, Rockford, IL).
Samples were diluted in sample buffer, boiled for 5
minutes, and loaded onto a 4%-20% Tris-HCI gel. After
electrophoresis, proteins were electrotransferred onto ni-
trocellulose membrane and incubated in 5% milk in Tris-
buffered saline/0.1% Tween 20 (1 hour) and primary
antibodies overnight at 4°C followed by horseradish-
peroxidase (HRP)-conjugated anti-rabbit Ig (1:5000 dilu-
tion) for 1 hour. Immunoreactive bands were detected by
a chemiluminescent Western blot detection kit (Amer-
sham Biosciences, Buckinghamshire, United Kingdom).
Protein quantification was completed via computer im-
age analysis (Scion Image; Scion Corp, Frederic, MD)

Location: Distal Colon

Gene: bmal
25- L07-19D19-07 (Day 2) - Feeding ad lib
5
g PR = 64%, P < 0.001 8 4o
@ 2
o o
£ £ 34 PR=51% P<0.004
=} 5 =51%, .
£ 2

Mean + SE
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using band integrated density. Data were normalized to
actin.

Statistical Analysis

Gene expression was analyzed using the relative
PCR amplification analysis method (2724¢). Changes in
clock gene expression were referenced to the level of
expression at the 0800 time point. Data are presented as
means * SE (n = 3 mice per time point). Cosinor anal-
ysis was then performed using fold increase over the 0800
time point to test for the presence of a circadian rhythm.
Cosinor analysis adjusts data to a cosinusoidal function
and provides an objective test of whether the amplitude
of the cosinor curve differs from zero, ie, whether a
rhythm is validated for the assumed period (24 hours
herein). This method provides point and confidence in-
terval estimates for 3 parameters describing the cosine
curve: the MESOR (M, midline estimating statistic of
rhythm, a rhythm-adjusted mean), the double amplitude
(2A, a measure of the extent of predictable change within
1 cycle), and the acrophase (a measure of the timing of
the peak value recurring in each cycle). These parameters
are adjusted by least squares, a method also yielding a
coefficient of determination, R?, known as the percentage

Location: Distal Colon

Gene: perl

L07-19D19-07 (Day 2) - Feeding ad lib
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I I T T
22,00 02.00 06.00 10.00 14.00
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Figure 2. Daily profies of colonic
clock gene mRNA levels and corre-
sponding fitted cosinor curves. The
mRNA levels are expressed as means
+ SE (n = 3 mice per time point). PR,
percentage rhythm; P value, probabil-
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rhythm (PR), representing the proportion of the total
variance accounted for by the fitted model. An F test of
the null hypothesis Hy: A = 0 determines the statistical
significance of the model. To determine whether differ-
ent experimental conditions affect circadian acrophase
and amplitude for a given clock gene, real-time PCR data
had to be expressed in relative values because the 0800
value was not calibrated. For each data series (18 values,
3 at each of 6 time points, 4 hours apart), the arithmetic
mean was calculated, and the data were expressed as a
percentage of that mean value. In this way, the average
was 100% in all cases, and comparisons could be made of
relative amplitudes and of acrophases. Parameter tests
were used to test the equality of relative circadian ampli-
tudes and of circadian acrophases among 2 or more data
series.'® Because the acrophase is a circular variable, dif-
ferences in acrophase exceeding 90° cannot be tested.!®
Hence, statistically significant differences in acrophase
were also sought by determining whether clock genes had
acrophases with nonoverlapping 95% confidence inter-
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Results

Clock Genes Are Expressed in the Murine
Stomach and Colon

Parts of the coding region of the clock genes were
amplified from adult mouse stomach and proximal, mid-
dle, and distal colon by RT-PCR from total RNA (Figure
14; data shown for proximal colon only). PCR products
were all TA cloned, and DNA sequence analysis con-
firmed the identity of all clock genes.

PER1, PER2, and BMAL protein expression in the
gastrointestinal tract were confirmed by immunohisto-
chemistry in tissue sections obtained at the 0800 and
2000 time points, with no difference in staining intensity
between the 2 time points. No immunostaining was iden-
tified with secondary antibodies only (data not shown).
Prominent PER2 and BMAL immunoreactivity were
noted in epithelial cells along the colonic crypts with
most intense staining in the bases of the crypts (Figure
1B). Prominent PER2 and BMAL immunoreactivity were

vals. Significance levels were set at P < .05. detected in the myenteric plexus of the stomach and S
g
;5
Table 3. Circadian Rhythm Characteristics in the Murine Stomach and Colon g 5
Gene MESOR, M Amplitude, A Acrophase, ®(hh:mm) Percentage rhythm (%) P value (Ho: A = 0) g
Stomach <
clock 1.066 0.364 09:52 17 .243
bmal 0.564 0.511 06:28 65 .001
perl 0.741 0.150 02:44 5 672
per2 5.128 5.162 21:16 79 <.001
per3 1.048 0.473 19:04 43 .015
cryl 0.835 0.230 02:48 28 17
cry2 1.242 0.368 22:24 32 .058
Proximal colon
clock 4.692 1.099 07:56 24 124
bmal 0.813 0.805 05:56 82 <.001
perl 3.418 2.259 17:40 57 .002
per2 5.849 3.833 01:40 59 .001
per3 9.698 7.380 17:52 83 <.001
cryl 1.411 0.549 02:28 41 .020
cry2 3.313 0.999 20:40 27 .098
Mid colon
clock 1.773 0.652 08:36 23 137
bmal 0.828 0.736 06:08 64 <.001
perl 0.473 0.289 18:08 79 <.001
per2 3.007 2.135 22:12 71 <.001
per3 0.941 0.770 18:28 92 <.001
cryl 1.077 0.510 03:52 49 .006
cry2 3.678 1.322 20:24 54 .003
Distal colon
clock 0.934 0.153 17:56 5 674
bmal 0.168 0.050 04:40 17 .251
perl 1.703 0.458 19:32 23 .148
per2 2.694 2.557 21:12 84 <.001
per3 1.842 1.103 19:16 58 .001
cryl 1.681 1.004 01:04 68 <.001
cry2 0.833 0.333 21:04 58 .002

NOTE. MESOR (M) refers to midline estimating statistic of rhythm, a rhythm-adjusted mean; amplitude refers to a measure of the extent of
predictable change within 1 cycle; and the acrophase refers to a measure of the timing of overall high values recurring in each cycle. The P value
refers to the probability from the zero-amplitude (no rhythm) test.

hh:mm; hour:minutes.
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throughout the colon. Protein expression of PERI and
PER2 in the myenteric plexus was further supported by
its colocalization with B-tubulin, a neuronal marker (Fig-
ure 1C).

Clock Genes Are Expressed in a Circadian
Manner in the Murine Stomach and Colon

Real-time PCR was used to assess whether intes-
tinal clock genes are expressed in a rhythmic manner
under ad libitum feeding conditions in a regular light/
dark cycle. Rhythmic expression patterns were observed
for 2 consecutive days for all clock genes in the stomach
and throughout the colon (Figure 2: data shown for
distal colon, day 2). There was no statistically significant
difference in the circadian amplitude or acrophase of
individual clock genes in the stomach or the colon on day
1 vs day 2, in keeping with the presence of a 24-hour
cycle.

To determine whether rhythmically expressed clock
genes in the gastrointestinal tract were driven by the
light-dark cycle, mice were housed in constant darkness
to eliminate the effect of light as a synchronizer of clock
gene expression, with ad libitum access to food. Table 3
summarizes the circadian rhythm characteristics for the
individual clock genes in the stomach and colon. Under
dark/dark conditions, clock genes largely maintained
rhythmic expression in the stomach and throughout
most of the colon except for clock. Under dark/dark
conditions but with ad libitum access to feeding, the
circadian amplitude was decreased for most clock genes
throughout the gastrointestinal tract. This difference was
only statistically significant in the proximal colon.

We examined whether differences in acrophase and
amplitude existed among the 4 different sites and be-
tween adjacent sites (stomach vs proximal, middle, and
distal colon; proximal vs middle; and middle vs distal
colon) for individual clock genes. The phases of all ex-
amined clock gene mRNA profiles were synchronous
throughout the colon. When aligning the rhythmically
expressed clock genes in order of their acrophase, cryl
and Bmall peak before other clock genes, followed by
perl-3 and cry2 (Figure 3; data shown for distal colon
only) in stomach, proximal, middle, and distal colon.
This order remained largely unchanged under constant
darkness.

Colonic Clock Gene Expression Shifts in
Response to Timed Feeding

To examine whether feeding time can affect the
phase of colonic clock gene expression, mice were fed for
48 hours or for 1 week during the day from 0800 until
1200. Following the restricted feeding time span, the
phase of different clock genes was determined. The
phases of all clock gene mRNA accumulation profiles in
the stomach and throughout the colon differed 7 to 12

GASTROENTEROLOGY Vol. 133, No. 4
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Figure 3. Acrophase of distal colonic clock genes for mice with ad
libitum food access (solid squares) and following 48 hours of timed
feeding (open squares). Bars represent 95% confidence intervals. Grey
shade indicates dark cycle.

hours between mice fed during the daytime and mice
fed ad lib (Figure 3; data shown for distal colon).
Because the degree of the phase shift differed between
individual clock genes, we examined whether pro-
longed food restriction would further phase shift clock
gene expression. Following 1 week of restricted feed-
ing, no additional phase shifting occurred (data not
shown).

Colonic Clock Gene Protein Expression Is
Expressed in a Circadian Manner and Shifts
in Response to Timed Feeding

To examine whether clock genes are expressed in
a circadian manner at the protein level, intestinal tissues
were collected following ad libitum feeding and 48 hours
of timed feeding. Data were obtained for BMAL, a “pos-
itive element” of the feedback loop, and for PER2, a
“negative element” of the feedback loop (Figure 4). No
bands were identified with a secondary antibody only
control (data not shown). The acrophase for BMAL was
at 13:40 (95% CIL: 10:48-16:32 in hh:mm) under ad libi-
tum feeding and at 21:02 (95% CI: 19:04-23:08 in hh:
mm) following timed feeding. The acrophase for PER2
was at 00:00 (95% CI: 22:16-01:40 in hh:mm) under ad
libitum feeding and at 11:56 (95% CI: 19:04-23:08 in
hh:mm) following timed feeding.

Vagotomy Does Not Alter Circadian Clock
Gene Expression

To determine the role of vagal neurotransmission
in gastric circadian clock gene expression, expression
patterns were examined in vagotomized and sham-
treated mice. Circadian rhythm was detected with statis-
tical significance for the clock genes bmal, perl-3, and
cryl in both vagotomized and sham-treated controls
(data not shown). Circadian characteristics such as ac-
rophase and amplitude were also not statistically signif-
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Figure 4. (A) Western blotting for clock proteins (BMAL and PER2) in mice (n = 3 mice per time point) with ad libitum access to food and following
48 hours of timed feeding. (B) Quantitative analysis of clock gene protein rhythms over a 24-hour time span and corresponding fitted cosinor curves.

icantly different between vagotomized and sham-treated
controls.

Timed Feeding Does Not Shift Central Clock
Gene Expression

To examine whether timed feeding can affect the
phase of central clock gene expression, the mice brains
were collected following ad libitum feeding, timed feed-
ing for 48 hours, and timed feeding for 1 week. Data were
obtained for bmal and per2. Rhythmic expression patterns
were detected with borderline statistical significance for
per2 (P = .093) and with statistical significance for bmal
(P = .036) under ad libitum feeding conditions. Per2
reached a near statistically significant rhythm (P = .05)
following 1 week of timed feeding but not at 48 hours,
whereas bmal reached borderline statistical significance (P =
.074) following 48 hours of timed feeding but not at 1 week.

The acrophase for mice with ad libitum access to food
was 16:12 and 04:40 for per2 and bmal, respectively. Fol-
lowing timed feeding for 48 hours and 1 week, the per2
acrophase was 14:24 and 15:08, respectively; the bmal
acrophase was 03:12 and 02:04, respectively. No statisti-
cally significant difference in either acrophase or ampli-
tude was found among the 3 different conditions for
either per2 or bmal (Figure 5).

Discussion

This study shows that a set of known mammalian
clock genes, whose coordinated function is thought to
regulate circadian rhythms, persist in their rhythmicity in
constant darkness and can be synchronized in their ex-
pression patterns to changes in feeding schedule within
48 hours in the murine stomach and proximal, middle,
and distal colon. This change in expression pattern oc-
curs independently of the central clock. In addition,
rhythmic gastric clock gene expression is not mediated by
the vagal nerve.

Although previous studies have described the presence
of a subset of clock genes in the murine and rat intestine,
no study has systematically determined the presence,
localization, and temporal expression of the main com-
ponents of the mammalian clock in the murine gastro-
intestinal tract.'”1® PER1, PER2, and BMAL protein ex-
pression were identified in the colonic epithelial crypt
cells and in the gastric and colonic myenteric plexus. The
presence of clock genes in the myenteric plexus was
supported by the colocalization of clock genes with B-tu-
bulin, a neuronal marker.

Several studies have demonstrated that changes in
feeding schedule can shift the acrophase of hepatic clock
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genes!?-2! but not pulmonary clock genes.?! Thus, it
appears that clock gene expression in those organs that
are intimately involved with feeding such as the gastro-
intestinal tract and the liver are most responsive to
changes in feeding schedules. It has recently been dem-
onstrated that clock genes can shift their expression
patterns in response to timed feeding in extraintestinal
tissues such as adipose tissue as well.22

The mechanism by which timed feeding alters the
phase of peripheral clock gene expression remains poorly
understood.?® Although timed feeding has been associ-
ated with an increase in food-anticipatory behavior (in-
creased locomotor activity preceding a daily scheduled
meal), food-anticipatory behavior by itself does not shift
the phase of clock genes.'® It is also unlikely that signals
directly associated with feeding such as the taste of food,
stomach distention, or direct physical contact of food
with the gastrointestinal lining play a significant role in
clock gene expression. First, it has been shown that he-
patic clock genes shifted their acrophase while receiving
total parenteral nutrition during the light cycle, thus
completely bypassing direct contact of food with the
gastrointestinal epithelium.?®> Second, we found no sig-
nificant difference in acrophases of individual clock
genes from the stomach to the distal colon. The lack of
a significant difference in the phases of clock gene ex-
pression between these functionally different parts of the
gastrointestinal system leaves open the question of
whether clock genes are coordinated by a central neuro-

box represents per2. Bars represent
SE. Grey shade indicates dark cycle.

nal pacemaker (ie, the SCN) or a systemic hormonal
mechanism in the gastrointestinal system.

It is unlikely that the SCN directs the change in pe-
ripheral clock gene expression in response to timed feed-
ing. In the present study, timed feeding did not alter
clock gene expression in the central clock. These findings
are in line with observations by others!?-2124-27 and sup-
port the hypothesis that a food-entrainable oscillator
exists independent of the SCN. Recent reports suggest
that this food-entrainable oscillator may be present in
the dorsomedial hypothalamic nucleus, a region involved
in food intake and satiety.?2° Furthermore, SCN-le-
sioned rats and mice will continue to entrain to a sched-
uled feeding regimen.

The present study also aimed to determine the effect of
the vagal nerve in the circadian expression of gastric
clock genes. The rationale for this experiment was 2-fold.
First, it has been suggested that the communication of
the SCN with peripheral organs such as the lung, the
small intestine, and the pancreas may be mediated
through the vagal nerve.3°-32 Second, gastric emptying
and gastric acid secretion vary with the time of the
day.533 Both gastric motility and acid secretions are me-
diated by the vagal nerve. However, we found no differ-
ence in circadian expression of gastric clock genes in
vagotomized mice as compared with sham-treated con-
trols.

This study is limited by the fact that both RNA and
protein studies were completed on whole gut wall tissues.
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Therefore, we cannot determine the relative contribution
of the different cell types to the measured rhythmic
expression of clock genes. The predominance of immu-
nohistochemical staining in neurons and epithelial cells
suggests that these are the likely sources of the noted
rhythmic clock gene expression. Furthermore, the pres-
ence of a distinct single peak in oscillation for all clock
genes suggests that the clock genes in the different cell
types of the gut are in phase with each other.

What are the potential functional implications for
gastrointestinal clock genes? Because gene array studies
have shown that approximately 8%-10% of all genes in
peripheral organs such as the heart and the liver are
under circadian coordination, it is conceivable that a
subset of gastrointestinal genes are under clock gene
control as well.3* For example, clock gene expression was
detected in the epithelial cells of the colonic crypts. Cir-
cadian variations in the mitotic index and DNA synthesis
have been well described in a variety of tissues including
the intestinal epithelium.*3%3¢ It has also been shown
that the circadian clockwork can directly control cell
division cycles in proliferating cells.3” The potential im-
portance of rhythmicity in gastrointestinal epithelial cell
proliferation is demonstrated by the following clinical
observations. The efficacy of chemotherapy in the treat-
ment of metastatic colorectal cancer as well as the devel-
opment of chemotherapy-related complications such as
mucosal toxicity vary with the time of administration.?®
Along similar lines, the timing of radiation therapy may
impact on the efficacy, incidence, and severity of radia-
tion therapy-related complications.?® Finally, data from
the Nurses Health Study have shown that the risk of
colorectal cancer increases in nurses that participated in
a rotating shift at least 3 nights per month for 15 or more
years.*® Taken together, these observations suggest an
important role for clock genes in the regulation of nor-
mal physiologic cell migration and proliferation as well
as a potential role in the development of colon cancer.

In our study, clock gene expression was also detected
in the myenteric plexus. The myenteric plexus is an im-
portant site of neurotransmitter synthesis and integrates
gastrointestinal motility into recognizable patterns.*!
Neurotransmitters expressed in the myenteric plexus
such as vasoactive intestinal peptide have been identified
in the neurons of the central clock of the brain as well,
where they play a role in the regulation of the rhythmic
release of hormones. Thus, we speculate that a subset of
genes that are important in gastrointestinal motility such
as neurotransmitter enzymes and neurotransmitter re-
ceptors are under direct or indirect clock control. Indeed,
healthy people have bowel movements during the day,
frequently following awakening or following a meal but
rarely during the night. In line with this observation are
ambulatory pressure recordings from healthy individuals
demonstrating maximal colonic activity during the day,
especially following awakening and following a meal, and

CLOCK GENE EXPRESSION IN THE MURINE Gl TRACT 1259

minimal activity during the night.® A circadian rhythm
was described for rectal motor complexes in fully ambu-
lant subjects using anorectal pressure recordings as
well.#2 Thus, colonic activity follows a rhythmic pattern,
with increased activity during the day suggestive of pos-
sible circadian regulation. Furthermore, disruption of the
clock mechanism such as occurs with shift work has been
associated with the development of gastrointestinal
symptoms.>10

In summary, clock genes are expressed in the murine
intestine in a circadian manner. Clock genes can change
their phase of expression in response to changes in
the feeding cycle, indicating that feeding is an important
cue for gastrointestinal clock gene expression. The pre-
dominant expression of clock genes in the epithelial cells
and the myenteric plexus suggests a possible role for
clock genes in the coordination of cell proliferation and
motility.
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