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Abstract
Muscleblind-like 2 (Mbnl2) is a zinc finger protein first identified in Drosophila. It appears to be
essential for photoreceptor development and to be involved in RNA splicing. Here we report that
Mbnl2 is strongly expressed in the rat pineal gland. The abundance of pineal Mbnl2 transcripts
follows a marked circadian rhythm with peak levels approximately 7-fold higher at night than day
levels. Mbnl2 protein exhibits a similar rhythm. In vitro studies indicate that the abundance of
Mbnl2 transcripts and protein are controlled by an adrenergic/cAMP mechanism.

Introduction
There is abundant evidence indicating that the pinealocyte and retinal photoreceptor evolved
in chordates from a common primitive photodetector, and that this chordate structure is
derived from a photosensitive system that subsequently evolved into the various eyes found
in all animals (Gehring 2004; Klein 2004). To a large degree, this common evolution is
reflected in the expression of a shared set of genes dedicated to development and signal
transduction in eyes and in the vertebrate pineal gland. Against this background, we were
intrigued by the results of preliminary gene profiling studies of the pineal gland which
suggested that this tissue expressed Mbnl2 3, a gene which encodes a little-studied zinc
finger protein first identified in the Drosophila eye and thought to be essential for
photoreceptor differentiation (Begemann et al. 1997).

Mbnl2 is a member of the muscleblind (Mbnl) family of proteins, which are so named
because of their similarity to genes that play a role in muscle and eye development in
Drosophila. Members of the Mbnl family exhibit different developmental and tissue
distribution patterns (Fardaei et al. 2002; Pascual et al. 2006). These proteins contain zinc
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fingers and bind to CUG RNA expansions to influence alternative RNA splicing (Miller et
al. 2000; Timchenko et al. 2002; Kanadia et al. 2003; Ho et al. 2004; Ho et al. 2005; Paul et
al. 2006; Warf and Berglund 2007; Orengo et al. 2008); recent studies have identified RNA
binding region in the protein (He et al. 2009).

In cases where there is marked expansion of CTG or CCGT repeats, muscleblind proteins
bind to these thereby inhibiting binding of factors required for normal processing, resulting
in incorrect splicing (Ho et al. 2004; Dansithong et al. 2005; Paul et al. 2006; Warf and
Berglund 2007). Of note in this regard is evidence that human myotonic dystrophy is caused
by binding of muscleblind proteins to CTG or CCGT repeats in the gene encoding a chloride
channel, resulting in defective transcript splicing (Charlet et al. 2002; Mankodi et al. 2002).

Our interest in Mbnl2 was strengthened by the possibility that it might play a role in the
pineal gland similar to that in the Drosophila eye because of the conserved features of eye
development and of the pineal gland (Ashery-Padan and Gruss 2001; Klein 2004; Gehring
2005; Klein 2006); in addition, it might control alternative splicing in these tissues (Kim et
al. 2005; Kim et al. 2007).

The studies presented here were designed to verify the evidence that Mbnl2 is expressed in
the pineal gland and to extend this. Our studies confirm that Mbnl2 is expressed in the pineal
gland and also in the retina and several brain regions. We have also found that that pineal
Mbnl2 transcripts and protein levels exhibit marked daily rhythms and that both are neurally
regulated by an adrenergic/cAMP mechanism, similar to that which controls other functions
in the pineal gland (Klein 1985).

Materials and Methods
Materials

32P-αdCTP was obtained from GE Healthcare (Piscataway, NY) and 35S-α-dATP was from
Perkin-Elmer (Boston, MA). Norepinephrine, 8-Br cAMP, dibutyryl cAMP, isoproterenol,
actinomycin D, puromycin and KT5720 were purchased from Sigma (St. Louis, MO).

Animals and tissue preparations
Rats (Sprague-Dawley, 150 to 200 grams) used for experimental manipulations or for organ
culture experiments were obtained from Taconic Farms Inc. (Germantown, NY). All
animals used for Northern and Western blot studies were housed for two weeks in light/dark
(LD) 14:10 lighting cycles, except for the experiment presented in Fig. 2C, in which some
animals were maintained in constant darkness (DD) for 5 days prior tissue removal.
Surgically prepared male rats were obtained from Taconic Farms. For surgery, the superior
cervical ganglia were approached through the ventral neck and located bilaterally near the
carotid trigone, medial to the carotid bifurcation For superior cervical ganglionectomy,
(SCGX), the adjacent sympathetic trunk was cut and the ganglion were removed. For
decentralization, a caudal portion of the sympathetic turn was removed. Animals for the two
point LD night/day studies were killed at zeitgeber time (ZT) 7 or19; for the constant
darkness (DD) experiment or at circadian time (CT) 7 or 19. For the studies presented in
Fig. 2A and 2B animals were killed at ZT 1,7,13.15.19,23.

Rats (males) used for radioactive in situ hybridization and immunohistochemistry were
obtained from Charles River (Sulzfeld, Germany) and were housed in LD 12:12. Animals
were sacrificed by CO2 asphyxiation and decapitated. Tissues were prepared as described
previously (Kim et al. 2005; Kim et al. 2007). For immunohistochemical analysis, male rats
were perfusion-fixed in 4% paraformaldehyde in 0.1 M phosphate buffer at ZT6 and ZT18,
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respectively; brains were removed, post-fixed in the same fixative and cryoprotected in 25%
sucrose.

In some experiments, male rats were injected with either isoproterenol (ISO; 10 mg/kg) or
norepinephrine (NE; 1 mg/kg); the compounds were first dissolved in 0.9% NaCl and the
appropriate volume was injected subcutaneously in the nape of the neck. Rats were injected
with ISO at ZT 4 and killed at ZT 7; NE was injected into SCGX rats at ZT16 and the rats
were killed at ZT19. Pineal glands were removed and immediately placed on solid CO2, and
then stored at −80°C until use.

Animal use and care protocols were in accordance with NIH guidelines, with Health
Sciences Animal Policy and with the guidelines of EU Directive 86/609/EEC (approved by
the Danish Council for Animal Experiments).

Organ culture
Pineal glands from female rats were cultured in BGJb medium containing 1 mg/ml BSA as
described previously (Kim et al. 2005; Kim et al. 2007). In experiments where mRNA and
protein levels are reported, each analysis was performed on separate sets of pineal glands
treated in culture on the same day.

Analysis of Mbnl2 mRNA
Northern blot analysis—Total RNA was extracted using the guanidine-HCl/phenol
procedure (TRIzol Reagent, Invitrogen, Carlsbad, CA). RNA was separated on a 1.5%
agarose/0.7 M formaldehyde gel, transferred to a charged nylon membrane (Nytran,
Schleicher and Schuell, Dassel, Germany) by passive capillary transfer and cross-linked to
the membrane using ultraviolet light. The Mbnl2 hybridization probes used were based on
Mbnl2 sequence (Supp. Fig. 1A). Probes were 32P-labeled by random priming using a DNA
Labeling kit (GE Healthcare). Blots were stripped and reprobed for 18S rRNA (nucleotides
484-1080, GenBank accession number M11188) to monitor the quality of the RNA and
equal loading. Blots were hybridized at 68 °C for 1.5 h in QuikHyb buffer (Stratagene, La
Jolla, CA). The final wash was in 0.1 × SSC/0.1% SDS at 60 °C for 20 min. Blots were
visualized and quantitated using a PhosphorImager (Molecular Dynamics, Sunnyvale, CA);
values were normalized against the signals generated by 18S rRNA.

Radiochemical in situ hybridization histology—A published method was used (Kim
et al. 2005; Kim et al. 2007). Sagittal cryostat sections (12 μm) were thawed and fixed for 5
min in 4% paraformaldehyde in PBS, washed 2 × 1 min in PBS, and acetylated (0.25%
acetic anhydride in 0.9% NaCl containing 0.1 M triethanolamine; 10 min). The sections
were then dehydrated in a graded series of ethanol and delipidated in 100% chloroform (5
min). They were partially rehydrated in 100% and 95% ethanol (1 min each) and allowed to
dry.

For hybridization, a 35S-labeled oligonucleotide probe was prepared based on rat Mbnl2
sequence (5′-TACAAACGGTTACGGTGTTGTCGTTTGTGTCG-3′). The labeled probe
was diluted in the hybridization buffer consisting of 50% (v/v) formamide, 4 × SSC, 1 ×
Denhardt's solution, 10% (w/v) dextran sulfate, 10 mM DTT, 0.5 mg/ml salmon sperm DNA
and 0.5 mg/ml yeast tRNA. A 200 μl sample of the labeled probe was placed on each
section. The sections were then covered with Parafilm and incubated in a humid chamber
overnight at 37 °C. After hybridization, the slides were washed in 1 × SSC for 4 × 15 min at
55 °C, 2 × 30 min at room temperature, and rinsed twice in distilled water. The sections
were dried and exposed to X-ray film for 1 to 2 weeks. The pineal hybridization signals on
X-ray films were quantified using “Image 1.42” (Wayne Rasband, NIH). Optical density

Kim et al. Page 3

J Neurochem. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



was converted to dpm/mg tissue using simultaneously exposed 14C-standards calibrated by
comparison with 35S brain-paste standards. Results are based on the analysis of pineal
glands from five animals killed at night and five during the day.

Analysis of Mbnl2 protein
Immunoblots—To prepare samples, 2 glands were homogenized by brief sonication (three
1 second pulses) using a Biosonik sonicator (Bronwill Scientific, Rochester, NY) in 50 μl of
0.1M sodium phosphate buffer, pH 6.8, 4°C; the homogenate was centrifuged (13,000 × g,
15 min, 4 °C) and the supernatant was used for analytical procedures. Protein was measured
by a dye binding method using a commercial reagent (Bio-Rad Protein Assay, Hercules,
CA) with BSA as the standard. Samples containing 60 μg of protein were resolved on pre-
formed 10% Tris/glycine (1 mm) gels using the manufacturer's protocol (Novex, San Diego,
CA). Rainbow standards (GE Healthcare) were used to determine the molecular mass of the
proteins.

Proteins were electroblotted onto an Immobilon-P (0.45 μM) transfer membrane (Millipore,
Bedford, MA) in a semi-dry blotting system (Investigator Graphite Electroblotter System,
Genomic Solutions, Chelmsford, MA) according to the manufacturer's protocol. The
proteins were equilibrated (5 min) and transferred using 10 mM CAPS (3-
cyclohexylamino-1-propanesulfonic acid) buffer, pH 11, containing 20% methanol and
0.01% SDS. The conditions for electrical transfer were 400 μA/cm2 (20 min), 600 μA/cm2

(20 min), 800 μA/cm2 (20 min), followed by 1200 μA/cm2 (45 min).

Membranes were air-dried and then blocked for 2 h in PBS, pH 7.4, containing 10% non-fat
dry milk (Bio-Rad), 0.2% Tween-20 (Bio-Rad), and 0.05% thimerosal (Sigma). An anti-
Mbnl2 polyclonal serum was raised in New Zealand White rabbits against an internal
peptide sequence (rat Mbnl2 137-157) (Supp. Fig. 1B) which detects a single band (∼40
kDa) in the rat pineal gland and retina and in extracts of HEK293 cells transfected with
Mbnl2 (Supp. Fig. 1C).

The antiserum was diluted (1:10,000) in PBS containing 1 mg/ml BSA fraction V and
0.05% thimerosal. The membranes were incubated (18 h, room temperature) with antiserum
and washed [2 × 5 min in TPBS (PBS containing 0.05% Tween-20) followed by 2 × 5min in
PBS] and then incubated with goat anti-rabbit IgG conjugated to horseradish peroxidase (9
ng/ml, 1 h, room temperature, Kirkegaard and Perry, Gaithersburg, MD) prepared in TPBS
containing 0.05% thimerosal and 2.5 μl/ml normal goat serum (Pierce, Rockford, IL). The
membranes were then washed 3 × 10 min in TPBS followed by 3 × 5 min washes in PBS.
The secondary antibody was detected by enhanced chemiluminescence (Lumiglo,
Kirkegaard and Perry). Loading was monitored by stripping the blot and reprobing with
anti-actin serum (Sigma). The blots were exposed to BIO-MAX MR (Eastman Kodak
Company, Rochester, NY) and quantitated using ImageQuant 5.2 software (Molecular
Dynamics, Sunnyvale, CA).

Mbnl2 immunohistochemistry—Cryostat sections (14 μm) were washed in PBS and
incubated in 5% normal swine serum diluted in PBS for 30 min. This was followed by
incubation in antiserum diluted (1:1,000) in PBS containing 1% BSA fraction V and 0.3%
Triton X-100 for 16 h at 4°C. Specificity control was performed by incubating parallel
sections in pre-immune serum. Sections were washed in PBS containing 0.25% BSA and
0.1% Triton X-100 followed by incubation for 1 h in biotinylated swine anti-rabbit IgG
(Dako, Glostrup, Denmark) diluted (1:500) in the same buffer. Sections were washed in PBS
with 0.1% Triton X-100 and incubated for 45 min in ABC-Vectastain solution (Vector
Laboratories, Burlingame, CA) diluted (1:100) in the same buffer. After washing PBS with
0.1% Triton X-100 and in 0.05 M Tris (pH 7.6), chromogenic development was performed
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in 1.4 mM diaminobenzidine and 0.01% H2O2 in 0.05 M Tris (pH 7.6) for 20 min. The
reaction was terminated by extensive washing of the sections in deionized water. Finally, the
sections were dried and embedded in Pertex (Histolab, Gothenburg, Sweden).

Statistical analysis
All data are expressed as means ± SE values for the number of determinations indicated.
Statistical analyses were performed using Student's t-test for two groups and one-way
analysis of variance (ANOVA) for multiple groups. Asterisk (*), p < 0.01.

Results
Tissue distribution and daily rhythm in Mbnl2 mRNA

Mbnl2 mRNA (∼5.5 kb) was detected as a single band by Northern blot analysis (Fig. 1A).
The daytime expression level of pineal Mbnl2 was lower than in the cerebellum, retina and
skeletal muscle (Fig. 1A); expression in other tissues examined was nearly undetectable.
Expression in the retina confirms the results of studies on embryonic chicken (Huang et al.
2008). Pineal Mbnl2 mRNA levels increased ∼ 7-fold at night; significant night/day
differences in the abundance of Mbnl2 transcripts in other tissues were not detected.

In situ
hybridization (Fig. 1B) revealed an ∼17-fold (p < 0.001) night/day difference in Mbnl2
expression in the pineal gland. Distinct expression was also detected in the cerebellum,
hippocampus and the ventromedial hypothalamus; however night/day differences were not
observed.

The daily rhythm in Mbnl2 transcripts was examined in detail by sampling at six time points
(Fig. 2A). This indicated that the peak expression (∼7-fold higher than day values) occurred
4 hours after lights off and was transient.

To determine whether the daily rhythm in Mbnl2 mRNA was translated into a daily rhythm
in Mbnl2 protein, a polyclonal antiserum was raised in rabbits against an internal Mbnl2
peptide, corresponding to rat Mbnl2 137-157 (Supp. Fig. 1B). This revealed that there is a >
9-fold difference in Mbnl2 protein (∼40 kDa), with peak levels achieved 4 hours after lights
off (Fig. 2B). In contrast to the transient peak in Mbnl2 mRNA levels, peak Mbnl2 protein
levels remained sustained for ∼ 7 hours.

The rhythm in Mbnl2 mRNA was found to persist in animals maintained in constant
darkness (DD), indicating that it was truly circadian, apparently driven by an endogenous
clock and not by environmental lighting (Fig. 2C).

Immunohistochemical analysis revealed a universal staining of all the cells in the pineal
parenchyma and no staining in the perivascular spaces, indicating the gene is expressed in
pinealocytes. Although all parenchymal cells exhibited immunoreactivity (Fig. 3), the
staining pattern was not uniform; a few cells exhibited stronger staining. Similar staining
patterns were observed at both ZT6 and ZT18, times at which quantitative analysis (Fig. 2B)
indicated that protein levels differed by ∼2-fold; the pre-immune serum did not generate a
signal, providing evidence that the anti-Mbnl2 serum was specific.

Neural control of Mbnl2 mRNA
In most cases in which expression of genes increases at night in the pineal gland, a neural
mechanism is involved. This is controlled by an internal circadian clock located in the
suprachiasmatic nucleus of the hypothalamus, which is linked to the pineal gland by a multi-
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synaptic neural circuit that passes through central (paraventricular nucleus) and peripheral
(superior cervical ganglia, SCG) neural structures. Here, we found that interrupting this
circuit by surgically removing the SCG (SCGX) or by transection of the sympathetic trunk
caudal to the SCG, which removes the afferent nervous input to the ganglion (DCNT),
blocked the increase in expression of Mbnl2 at night (Fig. 4A).

Another approach to blocking neural stimulation of the pineal gland is to expose animals to
light. This blocks the transmission to the pineal gland of stimulatory signals generated by the
suprachiasmatic nucleus at night. In these studies, light exposure during the first 4 hours of
the night period (PL) blocked the increase in Mbnl2 transcript level (Fig. 4B). We also
found that a 1 hour light pulse (LP) caused a rapid decrease in Mbnl2 mRNA. Accordingly,
it appears that the daily rhythm in Mbln2 expression is driven by the well-described neural
system which regulates pineal function (Klein 1985).

Adrenergic-cAMP control of Mbnl2 mRNA and protein
The sympathetic neurons in the SCG which innervate the pineal gland act by releasing NE.
Here we found that treatment of SCGX animals with NE elevated Mbnl2 expression at ZT4
(Fig. 4A). We also found that treatment of intact animals with the β-adrenergic agonist
isoproterenol elevated Mbnl2 transcript abundance (Fig. 5).

To determine if NE was acting directly on the pineal gland, organ culture was used.
Treatment of glands in organ culture with NE elevated both Mbnl2 mRNA and Mbnl2
protein (Fig. 6).

Many effects of NE are mediated by the second messenger cAMP, acting through cAMP
dependent protein kinase (PKA). The possible participation of cAMP in the control of
Mbnl2 mRNA was studied in two ways. First, it was found that blocking the action of PKA,
using the PKA-selective inhibitor KT5720, blocked stimulation of Mbnl2 mRNA and
protein by NE (Fig. 6A, B). Second, it was found that either of two cAMP protagonists, DB
cAMP or 8-Br cAMP, increased Mbnl2 mRNA levels (Fig. 6 C).

In contrast to the marked stimulatory effects of PKA activators on Mbnl2, it was found that
treatment with an activator of the protein kinase C family, phorbol myrstic acetate (PMA),
did not alter Mbnl2 mRNA (Fig. 7).

Adrenergic induction of Mbnl2 requires de novo synthesis of mRNA, but not protein
The induction of Mbnl2 by NE was blocked by treatment with a dose of actinomycin D
known to inhibit mRNA synthesis in this system by >95%, indicating that de novo synthesis
of mRNA was required (Fig. 8). The increase in Mbnl2 mRNA, however, was not blocked
by treatment with puromycin, a blocker of protein synthesis, indicating that de novo
synthesis of a protein is not required for induction of Mbnl2 expression.

Discussion
The studies presented here provide a clear indication that Mbnl2 is expressed at relatively
high levels in the rat pineal gland and that expression exhibits a daily rhythm in this tissue.
The finding that the rhythm in mRNA is translated into a change in Mbnl2 protein indicates
that a major factor controlling the abundance of this protein is translation, rather than control
via transcriptional or posttranscriptional mechanisms. Our finding that peak protein levels
are maintained for a longer period than those of mRNA suggests that the protein is more
stable than the mRNA, which appears to disappear quickly following photic-induced
cessation of neural stimulation (Fig. 4B). The relatively more stable nature of Mbnl2
protein, as compared to mRNA may reflect binding to proteins or nucleic acids, or both.
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Moreover, several findings made here are consistent with the conclusion that expression of
this gene is circadian in nature and controlled by the well described neural system which
includes the SCN (Klein 1985), and drives 24-hour patterns in gene expression by PKA
activation (Bailey et al. 2009). These include the observations that interruption of the neural
input to the gland blocks the nocturnal increase in Mbnl2 expression, that adrenergic/cAMP
stimulation elevates expression, and that the Mbnl2 mRNA rhythm persists in constant
darkness. Our finding that an activator of PKC does not mimic the effects of NE supports
the view that activation of PKC alone is not sufficient for induction of Mbnl2 expression and
that PKC signaling does not play an essential regulatory role.

It is of interest to note that the induction of Mbnl2 expression was not blocked by an
inhibitor of protein synthesis. Accordingly, induction does not require new synthesis of a
transcription factor or coactivator for expression. Rather, cAMP may initiate Mbnl2
expression by stimulating phosphorylation of pre-existing cAMP response element binding
protein, which act by binding to cAMP response elements in the Mbnl2 promoter.

The evidence that 24-hour changes in Mbnl2 appear to be part of the global changes in gene
expression and function which characterize pineal biology, implies that it plays an important
role in this tissue. This role is likely to be related to the correct synthesis and splicing of
some of the transcripts that are generated on a differential night/day basis. The task of
identifying specific regulated genes may be aided by the both the knowledge that Mbnl2
binds to RNA CUG repeat sequences and the results of recent gene profiling analysis of the
rat pineal gland which has identified a large number of rhythmically expressed and highly
expressed genes(Bailey et al. 2009). It is known that several genes in the pineal gland are
expressed as alternatively spliced transcripts, including Crem, Mat2a, Pde4b2 and Drd44

(Stehle et al. 1993; Kim et al. 2005; Kim et al. 2007). The relative abundance of the
isoforms of these genes could be determined by Mbnl2.

The finding that expression of Mbnl2 is regulated by a cAMP mechanism provides reasons
to suspect that cAMP might act in this way in other cell types, either in response to first
messenger signaling by transmitters or hormones and their agonists; or in response to
exogenous agents which elevate cAMP through inhibition of phosphodiesterases, including
caffeine and PDE subtype targeted drugs. This hypothesis requires testing, because the
regulation of this gene may be strongly influenced by cellular context.

Whereas it is clear that alternative splicing is an essential element in transcript processing,
little is known about whether this can be dynamically regulated. The results presented here
provide clear evidence that one likely participant in splicing can be rapidly controlled by
neural signals. The question of whether this occurs with other proteins involved in splicing
remains to be determined.

The finding that Mbnl2 is highly expressed in both the pineal gland and retina places it
among a small set of genes that are selectively expressed in both tissues (Klein 2004, 2006).
Whereas temporal changes in expression of genes in the pineal gland appears to reflect the
action of cAMP, it is thought that the retinal/pineal pattern of expression reflects the action
of one or more of a small group of transcription factors which control of cell fate
determination and maintenance of phenotype in these tissues. Accordingly, expression is
controlled by cAMP acting in concert with one or more of these transcription factors, which
includes Pax4 (Rath et al. 2009a; Rath et al. 2009b), Pax6 (Gehring 2005; Philips et al.
2005), Crx (Furukawa et al. 1999; Rath et al. 2006; Rath et al. 2007), Otx2 (Nishida et al.

4Circadian expression of Drd4 in pineal gland: Adrenergic/cAMP control mechanism requires thyroid hormone. (Kim J-S, Bailey MJ,
Weller JL, Sugden D, Rath MF, Møller M and Klein DC, unpublished.)
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2003; Rath et al. 2007), and NeuroD (Morrow et al. 1999; Munoz et al. 2007). Pax6 is
notable in that it is also found in Drosophila and other animal eyes, where it appears to play
a dominant role in development (Matus et al. 2007). Likewise, the fact that Mbnl2 is
expressed in the vertebrate pineal gland and retina in addition to Drosophila eyes points to
the likelihood that it has an evolutionarily conserved role in the biology of eyes and the
vertebrate pineal gland.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

ACTD actinomycin D

8-Br 8-bromo cAMP

CT circadian time

DB dibutyryl cAMP

DD constant darkness

DCNT decentralization of the superior cervical ganglia

ISO isoproterenol

LD light dark

Mbnl2 muscleblind-like 2

NE norepinephrine

PKA protein kinase A

PKC protein kinase C

PMA phorbol myrstic acetate

PURO puromycin

SCG superior cervical ganglia

SCGX superior cervical ganglionectomy

ZT Zeitgeber time
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Fig. 1. Tissue distribution of Mbnl2 mRNA
A. Northern blot analysis of Mbnl2 mRNA in selective tissues at night and during day. Rats
were housed in a controlled lighting environment (LD 14:10). Total RNA was obtained from
day tissues removed at ZT7 and night tissues removed at ZT19 under dim red light. RNA
preparation and Northern blot analysis were performed as described in Materials and
Methods. The blot was hybridized with a rat Mbnl2 probe. To normalize for RNA loading,
blots were stripped and reprobed for 18S rRNA. Abbreviations are HIPPO, hippocampus;
HYPO, hypothalamus; CTX cerebral cortex; CB, cerebellum; AD, adrenal gland; PG, pineal
gland; PIT, pituitary gland; Muscle, skeletal muscle. Results are presented as the mean ± SE
of three replicates. B. Radiochemical in situ hybridization histology of Mbnl2 mRNA in the
rat brain. Animals were housed in a controlled lighting environment for two weeks (LD
12:12). The day sample is from an animal killed during daytime (ZT6) and the night one is
from an animal killed during nighttime (ZT18). Scale bars, 1 mm. CB, cerebellImmuum;
PG, pineal gland; CTX, cortex. For further details see the Materials and Methods section.
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Fig. 2. Daily rhythm in rat pineal Mbnl2 mRNA and protein
Animals were housed in a controlled lighting environment for two weeks (LD 14:10 for
panels A and B). Pineal glands were obtained at the indicated times. A. Mbnl2 mRNA: Each
lane was loaded with 8 μg of total RNA. The blot was hybridized with a rat Mbnl2 probe. To
normalize for RNA loading, the blot was reprobed for 18S rRNA. The ZT1, 7, and 13 data
points are double plotted. Results are presented as the mean ± SE of three replicates. *, p <
0.01 vs. ZT7 group. B. Mbnl2 protein: Each lane was loaded with 60 μg protein from a
pineal extract. Immunodetection was performed with a polyclonal rabbit anti-Mbnl2 serum
at a dilution of 1:10,000. The Mbnl2 band appears around 40 kDa. The ZT1, 7, and 13 data
points are double plotted. Results are presented as the mean ± SE of three replicates. *, p <
0.01 vs. ZT15 group. C. Pineal Mbnl2 mRNA. Animals were housed for two weeks in LD
14:10 (ZT7 and ZT9) or nine days in LD 14:10 followed by 5 days in constant darkness
(DD)(Circadian time [CT] 7 and 19). Each lane was loaded with 8 μg of total RNA. The blot
was hybridized with a rat Mbnl2 probe. To normalize for RNA loading, the blot was
reprobed for 18S rRNA. Results are presented as the mean ± SE of three replicates. *, p <
0.01 vs. ZT7 group. The insert is a typical Northern blot image. For further details see the
Materials and Methods section.
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Fig. 3. Immunohistochemical detection of Mbnl2 protein in the rat pineal gland
Animals were housed in a controlled lighting environment for two weeks (LD12:12). Pineal
glands were obtained at ZT6 and ZT18. Immunohistochemical detection was done with the
polyclonal rabbit anti-Mbnl2 used in Fig. 2B. at a dilution of 1:1,000. A pre-immunization
negative control (ZT18) is displayed. Note the universal staining of the cells in the pineal
parenchyma and a few intensively stained cells (arrows in ZT6). Scale bar, 50 μm. For
further details see the Materials and Methods section.
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Fig. 4. Regulation of pineal Mbnl2 transcripts by a photoneural mechanism
Each lane contains 3 μg total RNA obtained from a pool of two pineal glands. Northern
blots were probed with a rat Mbnl2 probe. To normalize for variations in RNA loading, the
blot was reprobed for 18S rRNA. Results are presented as the mean ± SE of three replicates.
For further details see the Materials and Methods section. A. The nocturnal increase in
Mbnl2 mRNA is driven by neural input from the SCG. Pineal RNA was obtained from
Sham, DCNT, and SCGX rats killed during the day (ZT7) or at night (ZT19). In addition,
one group of SCGX rats was injected with 1 mg/kg NE at ZT16 and killed 3 hours later with
the other nighttime experimental group. *, p < 0.01 vs. Sham Night group. B. Effect of light
exposure at night on Mbnl2 mRNA level in the rat pineal gland. Rats were housed in a
controlled lighting environment (LD 14:10). Pineal glands were obtained during the day
(ZT7), at night (ZT19) in the dark, after 1 hr light pulse (LP) or after 5 hr of prolonged light
(PL). *, p < 0.01 vs. Night group. For further details see the Materials and Methods section.
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Fig. 5. Isoproterenol (ISO) elevates Mbnl2 transcript levels in vivo
Rats were injected subcutaneously with isoproterenol (20 mg/kg) at ZT4. All pineal glands
were obtained at ZT7 and glands were removed and stored on solid CO2. Each lane was
loaded with 8 μg total RNA obtained from a pool of two pineal glands. Northern blots were
probed with a rat Mbnl2 probe. To normalize for variations in RNA loading, the blot was
reprobed for 18S rRNA. The results were confirmed in three experiments. Results are mean
± SE of three replicates. *, p < 0.01 vs. CONT group. For further details see the Materials
and Methods section.
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Fig. 6. Evidence that NE and cAMP control Mbnl2 mRNA and protein
A. Mbnl2 mRNA: Cultured pineal glands were pre-incubated with 3 μM KT5720 alone for 1
hr; NE (1 μM) was then added and incubation was continued for 6 hours. Each lane was
loaded 8 μg of total RNA from pools of three or four glands. Northern blots were probed
with a rat Mbnl2 probe. To normalize for RNA loading, the blot was reprobed for 18S
rRNA. Results are presented as the mean ± SE of three replicates. *, p < 0.01 vs. NE group.
B. Mbnl2 protein: Using pineal glands from the same experiment shown in panel A, each
lane was loaded with 60 μg protein from a pineal extract. Immunodetection was performed
with an anti-Mbnl2 serum at a dilution of 1:10,000. Results are presented as the mean ± SE
of three replicates. *, p < 0.01 vs. NE group. C. Pineal glands were cultured for 6 hours with
500 μM 8-Br cAMP (8-Br), 500 μM dibutyryl cAMP (DB) or 1 μM NE; control (CONT). *,
p < 0.01 vs. CONT group. For further technical details see 5.A. and the Materials and
Methods section.

Kim et al. Page 16

J Neurochem. Author manuscript; available in PMC 2010 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 7. NE-induced elevation in Mbnl2 mRNA requires transcription but not translation
Pineal glands were treated with 30 μg/ml actinomycin D (ACTD) or 50 μg/ml puromycin
(PURO) for 1 hour and during the subsequent 6 hours treatment with 1 μM NE. Each lane
was loaded 8 μg total RNA obtained from a pool of four pineal glands. After hybridization
with the Mbnl2 probe, the blot was stripped and reprobed with an 18S rRNA probes as a
control. Results were confirmed in three independent experiments. The values are mean ±
SE of three replicates. For further details see the Materials and Methods section.
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Fig. 8.
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