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Abstract
Melatonin is a neurohormone associated with circadian rhythms. A diurnal rhythm in olfactory
sensitivity has been previously reported and melatonin receptor mRNAs have been observed in the
olfactory bulb, but the effects of melatonin in the olfactory bulb have not been explored. First, we
corroborated data from a previous study that identified melatonin receptor messenger RNAs in the
olfactory bulb. We then investigated whether melatonin treatment would affect cells in the
olfactory bulbs of rats. Using a combination of PCR, qPCR, cell culture, and electrophysiology,
we discovered that melatonin receptors and melatonin synthesis enzymes were present in the
olfactory bulb and we observed changes in connexin43 protein, GluR1 mRNA, GluR2 mRNA,
Per1 mRNA, Cry2 mRNA, and K+ currents in response to 2-iodomelatonin. Via qPCR, we
observed that messenger RNAs encoding melatonin receptors and melatonin biosynthesis enzymes
fluctuated in the olfactory bulb across 24 hours. Together, these data show that melatonin
receptors are present in the olfactory bulb and likely affect olfactory function. Additionally, these
data suggest that melatonin may be locally synthesized in the olfactory bulb.

Introduction
Melatonin is a lipophilic neurohormone that signals the onset of darkness. Melatonin affects
circadian rhythms in animals that generate melatonin (Hunt et al., 2001; reviewed in Pandi-
Perumal et al., 2006, and Zawilska et al., 2009). A previous study (Granados-Fuentes et al.,
2011) reported a diurnal rhythm in olfactory discrimination behavior that was sensitive to
the knockout of some clock genes. Melatonin can affect different clock genes, and melatonin
receptor mRNAs have been previously reported in the olfactory bulb (OB; Ishii et al., 2009).
We wanted to determine if melatonin administration could affect the olfactory system.
However, melatonin can act via direct binding to intracellular proteins (Nosjean et al., 2000)
or membrane-bound G-protein-coupled receptors. Much more is known about the effects of
melatonin binding to its receptors, and we chose to focus our investigations there.
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Membrane-bound melatonin receptors, in mammals, come in two isoforms: melatonin
receptor 1 (MT1R; also called MTNR1a) and melatonin receptor 2 (MT2R; also called
MTNR1b). A third putative isoform, melatonin receptor 3, was revealed to be the
intracellular protein quinone reductase 2 (Nosjean et al., 2000). Melatonin receptors
(reviewed by Dubocovich et al., 2010) are 7-transmembrane domain proteins, attached to G-
proteins (Gi/Go) that interact with adenylyl cyclase, leading to a dephosphorylation of
cAMP response element-binding protein and/or changes in mitogen-activated protein kinase
or mitogen-activated protein kinase kinase, and therefore changes in transcription and
translation of different genes, including entrainment of the SCN clock (Lee et al., 2010).
Melatonin receptors can also indirectly interact with K+ channels in the suprachiasmatic
nucleus of the hypothalamus (SCN; Inyushkin et al., 2007) and K+ channels and glycine
receptors in the retina (Yang et al., 2011; Zhao et al., 2010). Melatonin receptors are
involved in the circadian timing of some behaviors in different species, mostly via receptors
expressed by SCN cells. Messenger RNAs encoding MT1R and MT2R were previously
reported in the OB of rats (Ishii et al., 2009), but these data, to date, have not been
corroborated or further explored. The OB is similar to the retina by virtue of its laminar
organization and function in initial sensory processing, while the OB is similar to the SCN
and the retina because the OB has circadian rhythms in gene expression and electrical
activity that continue without outside input (Granados-Fuentes et al., 2004); due to these
similarities, we chose to focus our investigation on known actions of melatonin in the SCN
and the retina and to examine if melatonin’s actions in the OB were similar.

Odorant processing begins in the mammalian OB after odorants bind to receptors in the
olfactory mucosa of the nose. A message from the nose is sent by olfactory sensory neuron
axons, which form the olfactory nerve layer (ONL) of the OB, and project to structures
called glomeruli in the glomerular layer (GL) of the OB. Juxtaglomerular (JG) cells
surround glomeruli and can be subdivided into periglomerular (PG), short-axon (SA), and
external tufted (ET) cells, along with some histologically unidentified cell types (Kosaka
and Kosaka, 2011). The principal output neurons of the OB are mitral cells in the mitral cell
layer (MCL) and tufted cells in the external plexiform layer of the OB. Finally, granule and
Blanes cells reside in the granule cell layer (GCL). A subset of the PG cells and the majority
of cells in the GCL release the inhibitory neurotransmitter gamma-amino butyric acid
(GABA) and inhibit mitral and tufted cell activity.

Melatonin itself is released from the pineal gland into the bloodstream (though the retina and
other tissues have been reported to synthesize melatonin; see Gomez-Corvera et al., 2009,
and Itoh et al., 2007), and is synthesized from serotonin by two enzymes: arylalkylamine N-
acetyltransferase (AANAT) and hydroxyindole-O-methyltransferase (HIOMT; also called
acetylserotonin methyltransferase, or ASMT). AANAT mRNA has been shown in the OB
(Uz et al., 2002). HIOMT mRNA has been shown in multiple brain areas, but not in the OB
(Ribelayga et al., 1998).

We pursued three hypotheses for this study, using a combination of PCR, qPCR,
immunoblotting, cell culture, immunohistochemistry, and electrophysiology: first, that
melatonin receptors and HIOMT are present in the OB; second, that melatonin receptors and
melatonin biosynthesis enzymes fluctuate over 24 hours; and third, that melatonin receptor
activation mediates transcriptional, translational, and electrical changes in OB cells.

1. Experimental Procedures
1.1. Animals

Male and female Sprague Dawley rat pups, aged postnatal days 21–23, (Charles River,
Raleigh, NC) were kept in standard rat cages under a 12-hr light, 12-hr dark cycle (lights on
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at 0700 h EST; ZT0). Water and rat chow were available ad libitum. Male and female wild-
type, melatonin receptor 1 knock-out (MT1RKO; Liu et al., 1997), melatonin receptor 2
knock-out (MT2R-KO; Jin et al., 2003), and MT1RKO/ MT2R-KO mice (C3H strain) were
provided by the Olcese laboratory at Florida State University. MT1R-KO and MT2R-KO
mice were genotyped and assayed for MT1R and MT2R transcripts by sequencing using a
HiSeq sequencer (Illumina, San Diego, CA) to ensure that KO animals did not express
melatonin receptors. For tissue collection, animals were anesthetized using isoflurane and
killed by decapitation. During the night, tissue collection was performed under dim red light.
For immunohistochemical samples, animals were anesthetized with a mixture of ketamine
and xylazine and killed by transcardial perfusion. The animals for these experiments were
used according to the guidelines of our protocol approved by Florida State University’s
Animal Care and Use Committee and the National Institutes of Health Guide for the Care
and Use of Laboratory Animals (NIH Publications No. 80–23).

1.2. RNA Extraction
Rat pups of ages P21, P22, and P23 were killed at 3-h intervals over 48-h and their OBs
were excised and placed immediately in RNAlater reagent (Qiagen, Valencia, CA)
according to manufacturer's instructions. For processing, samples were removed from
RNAlater, placed in ice-cold TRIzol reagent (Life Technologies, Carlsbad, CA), and
homogenized with a rotor-stator homogenizer (PRO Scientific, Oxford, CT) at 50%
amplitude with autoclaved probes washed in diethylpyrocarbonate-treated water. Samples
homogenized in TRIzol were processed according to manufacturer's instructions with the
following changes: the chloroform-addition step was repeated, samples in isopropanol were
left at −20°C overnight, and the samples were not heated for resuspension. The resulting
pellet was resuspended in 100 µl of RNase-, DNase-free water (EMD Millipore, Billerica,
MA) and processed through the RNEasy Mini Kit (Qiagen) according to the manufacturer’s
RNA Cleanup protocol with DNase I treatment (Qiagen). Purified RNA samples were spun
for 40 min in a vacuum concentrator and stored at −20°C until use.

1.3. Reverse transcription, PCR, and quantitative PCR
Purified RNA samples were kept on ice and their concentrations assayed with a Nanodrop
1000 spectrophotometer (Thermo Scientific, Rockford, IL). Sample integrity was assayed by
gel electrophoresis with SYBR Safe DNA Dye (Life Technologies). Five µg of total RNA
from tissue or 2 µg of total RNA from MOB brain slices were used for the reverse-
transcription reaction with a Superscript III Reverse Transcription Supermix Kit (Life
Technologies), according to the manufacturer’s instructions except for inclusion of both
random oligonucleotides and oligodT(20) as primers for the reverse transcription, from the
protocol of Resuehr and Speiss (2003). The resulting cDNA was diluted 1:10 in RNase-,
DNase-free water.

Polymerase chain reaction (PCR) solutions were composed of HotStarTaq Master Mix
(Qiagen), 2 µl of the diluted cDNA, and 500 nM primers, according to manufacturer
instructions. PCR was run on a Veriti thermal cycler (Life Technologies). Reactions were
run as follows: 95°C for 15 min; 40 cycles of 94°C for 30 s, 55°C for 1 min, and 72°C for 1
min; 72°C for 10 min, 4°C until samples were prepared for gel electrophoresis. PCR
products were analyzed using 1.6% agarose gel electrophoresis in Tris-boric acid-EDTA
buffer (TBE) and run at 43V for 90 minutes, visualized using a Gel Doc XR+ system (Bio-
Rad, Hercules, CA). PCRs in which diluted cDNA was replaced with water did not show
bands on electrophoresis gels. PCRs in which diluted cDNA was replaced with RNA (no
reverse transcription) did not show bands on electrophoresis gels.
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The quantitative PCR solution was composed of Power SYBR Green Master Mix (Life
Technologies), 2 µl of the diluted cDNA, and 500 nM primers, according to manufacturer
instructions. The quantitative PCR reactions were run on a 7500Fast Real-Time PCR
Thermocycler (Life Technologies). All reactions were run as follows: 50°C for 2 min, 95°C
for 10 min; 40 cycles of 95°C for 15 s and 60°C for 1 min; melt curve analysis. Ribosomal
protein S28, β-III-tubulin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
mRNAs were used as reference genes. Each reaction plate also contained a sample of pooled
cDNA as a reference value to allow comparisons between multiple plates. Reactions were
compared to each of the reference genes, and line plots for each reference were similar.
Reference genes were compared to each other and both β-III-tubulin and GAPDH mRNAs
did not show significant fluctuation. Control reactions where cDNA was replaced with water
did not reach the critical threshold. Control reactions where cDNA was replaced with RNA
(no reverse transcription) did not reach critical threshold. Reported results use GAPDH as
the reference gene.

1.4 Primer Design and Primers Used
Primer sets for MT1R, MT2R, aromatic L-amino acid decarboxylase (AADC, also called
DOPA decarboxylase), tryptophan hydroxylase isoform 2 (TPH2), and AANAT, shown in
Table 1, were designed with OligoExplorer freeware (http://www.genelink.com/tools/gl-
oe.asp), reanalyzed with NetPrimer software (Premier Biosoft, Palo Alto, CA), and ordered
from Integrated DNA Technologies (Coralville, IA). Only primer sets that did not form
dimers or hairpins in silico were used. The products were then submitted as a BLAST
(NCBI, http://blast.ncbi.nlm.nih.gov/Blast.cgi) query against RefSeqmRNA in the Rattus
norvegicus genome. Any primer sets with nonspecific products were not used. The GAPDH
primer set was designed to span between exons 3 and 4 and therefore serve as a check for
DNA contamination through the appearance of introns, and this was confirmed by PCR. We
tested quantitative PCR products by melt curve, sequencing, and agarose gel electrophoresis
to ensure specificity and correct band size. The primer sets for AMPAR subunits GluR1–4
were as published by Santiago et al. (2009), primer sets for Cx36, Cx43, and Cx45 were as
published byCorthell et al. (2012), the primer set for tryptophan hydroxylase isoform 1
(TPH1) were published by Sugden (2003), the primer set for HIOMT was as published by
Sanchez-Hidalgo et al. (2009), and the primer sets for the clock genes Clock, Bmal1,
Period1 (Per1), Period2 (Per2), Period3 (Per3), Cryptochrome1 (Cry1), Cryptochrome2
(Cry2), Rev-erb α, Rev-erb β, and RORα were as published byKamphuis et al. (2005).
Sequencing of PCR and qPCR products was performed by the Florida State University
Biology Core facility staff.

1.5 Membrane Preparation
Rat pups (P21) were killed at 3-h intervals over a 24-h period, and their OBs and
hippocampi were dissected and placed immediately in a dry-ice/95%-ethanol slurry for
flash-freezing. OBs from the wild-type, MT1R-KO, and MT2R-KO mice were harvested
similarly but without regard to time. All samples were stored at −80°C until processing.
Before processing, protease inhibitors were added to a homogenization buffer (320 mM
sucrose, 1 mM EDTA, 50 mM KCl, 10 mM Tris base, 1 µg/ml leupeptin, 1 µg/ml pepstatin
A, 2 µg/ml aprotinin, 1 mg/ml phenylmethylsulfonyl fluoride, pH 7.8; all from Sigma-
Aldrich, St. Louis, MO), and then samples were homogenized by 50 strokes on ice with a
Kontes 20 tissue grinder. Each sample was a pair of OBs or hippocampi from a single rat or
mouse. Membrane proteins were purified by two rounds of low-speed centrifugation (6,500
g for 10 minutes at 4°C) and then one high-speed centrifugation (107,000 g for 30 minutes
at 4°C) with an Optima MAX-XP (Beckman-Coulter, Brea, CA) in a protocol adapted
fromGuillemin et al. (2005) and Schindler et al. (2006). The pellet was reconstituted by tip
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sonication (Model 120, Fisher Scientific, Pittsburgh, PA) as previously described (Cook and
Fadool, 2002) and stored at −80°C until use.

1.6 Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis (SDS-PAGE) and
Immunoblotting

Protein concentrations were determined using a Bradford assay (Bio-Rad). Proteins were
separated by 10% polyacrylamide gel electrophoresis with 30 µg total membrane protein per
sample then electrotransferred to polyvinylidene fluoride membranes (Millipore) by wet
transfer using ice-cold solutions described by Sambrook and Russell (2001) and treated with
anti-melatonin receptor antisera. Blots were visualized by autoradiography with ECL Plus
reagents (GE Healthcare, Piscataway, NJ). Blots were stripped with the stripping buffer
described by Yeung and Stanley (2009) and reprobed with rabbit monoclonal anti-β-III-
tubulin (Cell Signaling Technology, Beverly, MA) as a loading control. Antisera used as
markers in immunohistochemistry (IHC) were tested by immunoblot (10 µg total membrane
protein per sample) as an additional control; calretinin, parvalbumin, GAD65, and GAD67
blots showed single bands at the appropriate weights, while the tyrosine hydroxylase blot
showed 3 bands that were all explained by the data sheet and therefore expected. For
samples to be processed by mass spectrometry, polyacrylamide gels were stained using
Coomassie Blue and the resulting bands of appropriate weights were cut out and submitted
to the Florida State University College of Medicine Translational Laboratory for mass
spectrometry analysis.

1.7 Transcardial Perfusion, Fixation, and Slicing
Rats were anesthetized by a mixture of ketamine and xylazine and transcardially perfused
first by 0.9% saline/0.1% heparin, followed by 4% paraformaldehyde/2.5% acrolein, while
mice were anesthetized by a mixture of ketamine and xylazine and transcardially perfused
first by 0.9% saline, followed by 4% paraformaldehyde. Whole brains were removed and
placed into 10 ml of the same fixative used for perfusion for 4 hours. Brains were then
placed into autoclaved 30% sucrose solution until the brains sank, after which they were
removed from the sucrose solution and sliced into 50 µm-thick horizontal sections of OB or
coronal sections of hippocampus on a freezing-stage microtome (Thermo Fisher) with a
temperature controller (Physitemp, Clifton, NJ) and placed into a cryoprotectant solution
(Hoffman et al., 2008) at −20°C until they were examined by immunohistochemistry.

1.8 Immunohistochemistry (IHC)
Slices were removed from cryoprotectant and processed as described byHoffman et al.
(2008). Briefly, slices were washed in 0.1M phosphate buffered saline (PBS), incubated in
1% sodium borohydride solution, washed in PBS, and blocked in 1% horse, goat, or donkey
serum, depending on the secondary antibody being used, and incubated in primary antibody
for 48 hours at 4°C. For reactions to be visualized using nickel-diaminobenzidine (Ni-DAB)
chemistry, samples were washed in PBS after primary antibody incubation and treated for 2
hours with a biotinylated secondary antibody and processed using an avidin-biotin complex
kit (Vector Laboratories) and Ni-DAB. For reactions to be visualized using fluorescence
with a confocal microscope, samples were washed in PBS after primary antibody incubation
and treated for 2 hours with biotinylated and fluorescent secondary antibodies, washed in
PBS, and treated for 1 hour with fluorophore-conjugated streptavidin. Slices were treated
with Gel-Mount (Sigma-Aldrich) to preserve fluorescence. Ni-DAB slices were examined
under light microscopy and fluorescence slices were examined using a SP2 confocal
microscope (Leica, Wetzlar, Germany). Electrophysiology slices with biocytin-filled cells
were immersion-fixed in 4% paraformaldehyde, washed in 0.1M PBS, treated with Cy3-
conjugated streptavidin, and examined using a fluorescent microscope (Leica).
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1.9 Antisera
For IHC, antibodies were titrated as described byHoffman et al. (2008). For
immunoblotting, antibodies were titrated by dilution series, starting at the manufacturer’s
instructions, and diluted in 1–4% nonfat dry milk diluted in 0.1% Tween-20/Tris-buffered
saline (TBST). For IHC, antibodies were diluted in 1% serum diluted in PBS/0.4% Triton
X-100. Primary antisera used in this study were the following: rabbit anti-MT1R (1:1000 in
1% milk/TBST; Abbiotec, 250761), rabbit anti-MT1R (1:1000 in 4% milk/TBST; 1:3000 in
Ni-DAB IHC; Novus, NBP1-71113), goat anti-MT2R (1:500 in 4% milk/TBST; Santa Cruz,
sc-13177), rabbit anti-MT2R (1:1000 in 4% milk/TBST, 1:10,000 in Ni-DAB IHC, 1:500 in
fluorescent IHC (FIHC) using streptavidin and a biotinylated secondary antibody; Novus,
NLS932), mouse antityrosine hydroxylase (1:30,000 in FIHC; Chemicon, MAB318), mouse
anti-glutamic acid decarboxylase (GAD)-65 (1:10,000 in FIHC; Abcam, ab26113), mouse
anti-GAD67 (1:10,000 in FIHC; Chemicon, MAB5406), goat anti-calretinin (1:30,000 in
FIHC; Chemicon, AB1550), goat anti-parvalbumin (1:2000 in FIHC; Swant, PVG-214),
rabbit monoclonal anti-β-III-tubulin (1:2000 in 4% milk/TBST; Cell Signaling Technology,
5568), and rabbit anti-connexin43 (1:1000 in immunocytochemistry; Millipore AB1728).
Secondary antibodies used in this study were the following: horseradish peroxidase (HRP)-
conjugated goat anti-rabbit (1:10,000 in 4% milk/TBST; Bio-Rad 170-5046), HRP-
conjugated goat antimouse (1:10,000 in 4% milk/TBST; Bio-Rad 170-5047), HRP-
conjugated donkey anti-goat (1:40,000 in 1% milk/TBST; Jackson ImmunoResearch,
705-035-001), biotinylated horse anti-rabbit (1:1000, Vector, BA-1100), biotinylated horse
anti-goat (1:1000, Vector, BA-9500), biotinylated goat anti-rabbit (1:1000, Jackson
ImmunoResearch), biotinylated goat anti-mouse (1:1000, Jackson ImmunoResearch,
115-065-003), fluorescein-conjugated horse anti-mouse (1:1000, Vector, FI-2000), Cy3-
conjugated goat anti-rabbit (1:1000, Jackson ImmunoResearch, 111-165-144), and Cy3-
conjugated donkey anti-goat (1:1000, Jackson ImmunoResearch, 705-165-147). Both Cy3-
(Jackson ImmunoResearch, 016-160-084) and Alexa488-conjugated (Life Technologies,
S32354) streptavidin were used at 1:1000 in this study, diluted in 0.4% Triton X-100/PBS
for FIHC.

1.10 Tissue Culture
Rat pups aged P1-P3 were sacrificed and their OBs dissected and dissociated, as previously
described (Trombley and Blakemore, 1999). Cells were grown in a 75 ml flask and knocked
after 3 days in culture. Knocking the flask removes most non-astrocytic OB cells and
therefore ‘enriches’ for astrocytes. After knocking, cells were grown until confluence, after
which they were split into multiple dishes and grown to near confluence on coverslips. After
reaching about 80% confluence, a mitotic inhibitor (FUDR; Sigma-Aldrich) was added to
the culture medium. One day after addition of the mitotic inhibitor, cultures were treated
with 3 nM 2-iodomelatonin (I-mel; Tocris Bioscience, Bristol, UK) for 4 hours. I-mel was
chosen because I-mel is more stable than melatonin, I-mel has a higher affinity for
melatonin receptors than melatonin, and the iodide moiety should prevent melatonin from
passing through cell membranes, and therefore any effects of I-mel should be mediated by
the membrane-bound receptors. After treatment, cells were fixed, treated with rabbit anti-
Cx43 and processed for fluorescent immunocytochemistry in a similar manner to FIHC.
Fluorescence was analyzed using ImageJ software (NIH).

1.11 Brain slice collection
OB slices were prepared from 10- to 28-day-old Sprague-Dawley rats that had been
anesthetized with isoflurane and then killed by decapitation. OBs were rapidly removed and
placed in ice-cold oxygenated (95% O2-5% CO2) high-sucrose saline solution. Horizontal
slices (400 µm) were made using a vibratory microtome (Vibratome, St. Louis, MO) and
incubated in a holding chamber for 30 min at 35°C. Slices were then stored at 20–24°C until
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use. For electrophysiology, slices were placed into a recording chamber and viewed using a
Leica microscope (Leica) equipped with infrared differential interference contrast optics.
Mitral and JG cells were discriminated on the basis of morphology and location within the
slice. Slices were either used for electrophysiological study or treated with either 4 nM I-mel
(diluted in DMSO) or control solution that contained an equivalent amount of DMSO
(0.01%). Slices in the I-mel experiment were treated for 4 hours and placed into RNAlater
until RNA extraction.

1.12 Electrophysiology
Whole cell patch-clamp recordings were obtained from JG and mitral cells in OB slices
using methods similar to those we and others have described previously (Blakemore et al.,
2006). Recordings were obtained using an Axoclamp 700B amplifier (Molecular Devices,
Sunnyvale, CA) and Axograph software (Axograph, Berkeley, CA) in continuous voltage-
clamp mode. The extracellular solution was oxygenated (95% O2-5% CO2) and contained
(in mM) 125 NaCl, 25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 2.5 KCl, 1.0 MgCl2, and 2
CaCl2, pH 7.3. Patch pipettes were pulled to a resistance of 1–3 MΩ. Inhibitory postsynaptic
current (IPSC) measurements were performed using a pipette solution containing (in mM)
125 KMeSO4, 2 MgCl2, 0.025 CaCl2, 1 EGTA, 2 Na+-ATP, 0.5 Na+-GTP, 5 Na+-
phosphocreatine, 0.2% biocytin hydrochloride, and 10 HEPES, pH 7.3, osmolarity adjusted
to 280 mOsm using KMeSO4. Recordings were obtained in the presence of 1 µM
tetrodotoxin (TTX) to block Na+ currents, or 1 µM TTX and 100 nM I-mel to record the
effects of melatonin receptor activation. Drugs were applied by bath perfusion. To evaluate
K+ currents, we examined cell responses to a series of voltage steps, +10 mV each for 150
ms, from a holding current of −60 mV (−50 mV to +20 mV). To evaluate the contribution of
A13 type K+ currents, we examined cell responses to a combined hyperpolarization/
depolarization protocol, where cells were held at −60 mV, hyperpolarized to −80 mV for 25
ms, and depolarized from −80 to +20 mV for 150 ms. We also examined cell responses to a
−10 mV hyperpolarization for 100 ms to record changes in membrane resistance.

1.13 Statistical Analysis
Circadian data collected by qPCR were evaluated by Kruskal-Wallis nonparametric
ANOVA, Dunn’s post-hoc, and Pearson’s product-moment correlation tests. I-mel treatment
data were evaluated by Student’s t-test, compared to controls. Electrophysiology data were
evaluated by Student’s t-test, compared to controls. For all tests, significance was declared
for any test with a resulting p-value less than 0.05.

2 Results
2.1 Messenger RNAs encoding melatonin receptors and synthesis enzymes are present in
the OB

While Ishii et al. (2009) reported melatonin receptor mRNAs in the rat OB, those data had
not been corroborated. Additionally, AANAT had been observed in the OB (Uz et al., 2002),
but HIOMT had not. We began our studies by asking if melatonin receptors and HIOMT
were present in the OB. The results of our PCR and agarose gel electrophoresis (Figure 1A)
show that mRNAs encoding MT1R, MT2R, and the entire melatonin biosynthesis pathway
are present in rat OB tissue. We then examined if proteins for the melatonin receptors were
present, by immunoblotting and IHC. We tested two antibodies against MT1R and two
against MT2R (data not shown). For each antibody, all immunoreactive bands disappeared
when the primary antibody was omitted or incubated in the presence of an excess of the
antigen protein; however, all immunoreactive bands that were present in the wild-type OB
and hippocampus samples were also present in the samples from the knock-out mice. Bands
corresponding to the weights of the immunoreactive bands were submitted for mass
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spectrometry, which found that none of the four bands tested (38, 50, 76, and 150 kDa) had
MT1R, MT2R, or melatonin-related receptor proteins; the 76 kDa band had HIOMT protein
in 2 of the 3 samples, 95% confidence.

We tested those same antibodies in IHC and found that only the rabbit anti-MT2R (Novus)
gave good results (Figure 1B). Staining disappeared in rat and mouse OB tissue when the
primary antibody was omitted, as well as in a 20x excess of antigen protein; however,
staining was similar between wild-type and MT2R-KO tissue. Interestingly, the antibody
appears to be a unique histological marker for OB JG cells, as anti-MT2R did not produce
significant co-labeling in FIHC with antibodies to tyrosine hydroxylase, calretinin, GAD65,
GAD67, or parvalbumin proteins (data not shown), and was not similar to calbindin or
neurocalcin labeling previously reported (Briñón et al., 1998; Hwang et al., 2002).

2.2 Melatonin receptor mRNAs and synthesis enzyme mRNAs fluctuate over time in the OB
We tested if MT1R and MT2R expression fluctuated in the OB as they do in the SCN. The
results are shown in Figure 2. MT1R mRNA fluctuates over 48 hours but does not appear to
be rhythmic. MT2R mRNA does show large changes but the changes did not occur at the
same time between the two 24-hour periods. The enzymes were examined over 24-hour
periods and show fluctuations, shown in Figure 3. AANAT primers, while specific for PCR,
failed some controls in qPCR and the data were thus discarded. When compared to each
other, β-III-tubulin and GAPDH mRNAs did not fluctuate (data not shown). Kruskal-Wallis
and Dunn’s analyses showed that TPH2, AADC, and HIOMT mRNAs had statistically
significant differences between groups (p < 0.05); these same mRNAs had statistically
significant differences between the light and dark phases. Additionally, correlation analysis
of the 5 synthesis genes suggests correlations between TPH1 and AADC (c = 0.480), TPH1
and HIOMT (c = 0.569), and AADC and HIOMT (c = 0.897). All 3 had p < 0.05 in
Pearson’s test.

2.3 Activation of melatonin receptors results in transcriptional and translational changes
We wanted to examine if OBs would respond to I-mel to determine if melatonin receptors
were present in the OB and simply could not be detected by our previous methods. Previous
reports have indicated that melatonin can affect the expression of connexin proteins and
clock genes (Sharkey et al., 2009; Zeman and Herichova, 2013), and may affect the
expression of glutamate receptor subunits (Corthell et al., 2012). Figure 4 shows that OB
primary cell cultures, when treated with I-mel, increase in connexin43 protein expression
and show a more diffuse pattern of expression than controls. Analysis of OB slices by qPCR
(Figure 5) showed that I-mel reliably decreased GluR1, GluR2, Per1, and Cry2 mRNAs (t-
test, p < 0.05) but did not appear to affect Bmal1 mRNA expression. Connexin36, connexin
43, connexin45, GluR3, GluR4, Per2, Per3, Cry1, RORα, Rev-erb α, Rev-erb β, MT1R, and
MT2R mRNAs were also tested but changes were inconsistent (data not shown). These data
demonstrate that melatonin receptors are present in the OB and mediate transcriptional and
translational changes in OB cells.

2.4 Iodomelatonin alters K+ currents in a subset of juxtaglomerular cells
We decided to test two major cell populations of the OB for responses to I-mel: mitral and
JG cells. We first tested mitral cells in the OB for responses to 100 nM I-mel (n = 4). Mitral
cells did not appear to respond to melatonin in any meaningful way. We then patched JG
cells in the GL (n = 12) and found that a subset of JG cells show decreases in K+ current in
response to I-mel that washes out in 5–10 minutes (Figure 6; n = 3 for washout). In these JG
cells, I-mel application reduced K+ currents to 82 +/− 6% of control within 5 minutes, and to
77 +/− 4% of control within 10 minutes, recovering to 90+/− 6% within 5 minutes of
washout (averages +/− SEM). I-mel application did not induce any currents by itself during
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5 minutes of recording in any of the cells we examined (data not shown). We also examined
cell responses to a hyperpolarizing pulse followed by depolarization; the pattern of those
data was identical to the changes observed in the voltage step protocol (data not shown).

3 Discussion
Our data suggest that melatonin receptors are present in the mammalian OB and that they
affect OB function. Activation of these receptors appears to affect 3 mRNAs and a protein
that have been previously identified as fluctuating over time (Per1, GluR1, GluR2, and
connexin43; Corthell et al., 2012; Granados-Fuentes et al., 2004). Changes in the AMPA
receptor subunits GluR1 and GluR2 are interesting because of the effects that AMPA
receptors have in the SCN and the MOB, especially Ca2+- permeable AMPA receptors
(Blakemore et al., 2006; Ma and Lowe, 2007; Michel et al., 2002; Paul et al., 2005; Pimentel
and Margrie, 2008; Schoppa and Westbrook, 2002). Additionally, I-mel application affects
K+ currents in an unidentified subset of JG cells. It is not clear if these JG cells are the only
cells that express melatonin receptors, or if they are the only cells that express melatonin
receptors that indirectly interact with K+ channels in the OB; we did not examine granule
cells to determine if they expressed melatonin receptors. Because we used whole OB
preparations for our transcriptional and translational experiments, the cells responsible for
the effects of melatonin that we observed remain to be determined. Serotonin and melatonin
do not bind to each other’s receptors, and thus we do not consider our observations to be due
to activation of serotonin receptors (Dubocovich et al., 2010; Krause and Dubocovich,
1991). Finally, melatonin receptors may have been in the bands submitted for mass
spectrometry, but at concentrations below detection threshold; we do not think that this
changes our conclusions regarding the antibodies used to detect melatonin receptors.

The presence of HIOMT mRNA and protein suggests that melatonin may, in addition to the
brain’s pineal gland and retina, be synthesized in the OB. We hypothesize that OB
melatonin synthesis occurs after the OB receives serotonergic stimulation from the dorsal
raphe nuclei. Past research has shown that histological staining for serotonin does not stain
OB cells but stains dorsal raphe afferents (McLean and Shipley, 1987). Because of this, we
believe that the TPH1 and TPH2 mRNAs we observed were in those afferents and not OB
cells. AADC is involved in dopamine synthesis and is therefore expected to be expressed
both in the tyrosine hydroxylase-positive JG cells as well as the raphe afferents.Uz et al.
(2002) reported AANAT mRNA in the OB, but its location was not immediately apparent;
our PCR results suggest that AANAT mRNA, like the melatonin receptor mRNAs, is
expressed at low levels. The advantage of local melatonin synthesis isn’t clear in the OB;
melatonin may be valuable as a free-radical scavenger or as an additional paracrine
neurotransmitter after serotonin is released into the OB.

Fluctuations in melatonin receptor mRNAs may not relate to changes in protein
concentration, as previously reported for MT1R fluctuations in the SCN (Poirel et al., 2002).
The size of the MT2R peaks (more than 8-fold and 12-fold, respectively) hours before
darkness suggests that more melatonin receptors would be present closer to the onset of
darkness, allowing some time for protein translation and insertion into the membrane.
Fluctuations in TPH2 may be signal changes in the dorsal raphe nuclei, while AADC and
HIOMT mRNA changes are likely responses to signals from the SCN or signals from the
OB’s own pacemaking system. Fluctuations in TPH1 and TPH2 have been previously
reported in the retina (Liang et al., 2004), though the effects of these fluctuations aren’t yet
clear.

The anti-melatonin receptor antibodies used in this study included some that had been
previously published in the literature. The MT2R antibody from Novus identified some
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protein that functioned as another histological marker for JG cells, bringing the number of
JG cell histological markers to 12, but the protein that it bound wasn’t identified, though the
staining pattern was very similar to the one reported for melatonin-related receptor (GPR50)
in the OB (Drew et al., 2001). We also noted that these antibodies, while previously
published in several studies, did not appear to be specific for melatonin receptors, as
labeling was identical between the OB, our positive control, and our negative controls.
Previous studies utilizing these antibodies may need to be revisited due to the specious
nature of these anti-melatonin receptor antibodies.

4 Conclusions
Melatonin receptors are present in the rat MOB and mediate transcriptional, translational,
and electrical effects within MOB cells. The final enzyme in melatonin biosynthesis is
present in the MOB and suggests that melatonin may be locally synthesized from exogenous
serotonin.
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Abbreviations

K+ potassium

I-mel 2-iodomelatonin

TPH1 tryptophan hydroxylase isoform 1

TPH2 tryptophan hydroxylase isoform 2

AADC aromatic L-amino acid decarboxylase

AANAT arylalkylamine-N-acetyltransferase

HIOMT hydroxyindole-O-methyltransferase

ASMT acetylserotonin methyltransferase

MT1R melatonin receptor 1

MT2R melatonin receptor 2

MT1R-KO melatonin receptor 1 knock-out mouse

MT2R-KO melatonin receptor 2 knock-out mouse

OB olfactory bulb

JG juxtaglomerular cell

PG periglomerular cell

ET external tufted cell

SA short-axon cell

GL glomerular layer

MCL mitral cell layer

GCL granule cell layer
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EPL external plexiform layer

ONL olfactory nerve layer

GAPDH glyceraldehyde-3-phosphate dehydrogenase

PCR polymerase chain reaction

qPCR quantitative PCR

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis

SCN suprachiasmatic nucleus of the hypothalamus

Ni-DAB nickel-diaminobenzidine

IHC immunohistochemistry

(GABA) gamma-amino butyric acid

FIHC fluorescent IHC
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Highlights

Melatonin receptors and HIOMT are present in the olfactory bulb

OB cells have transcriptional responses to melatonin application

A subset of OB cells has electrical responses to melatonin application
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Figure 1.
Messenger RNAs encoding melatonin receptors and melatonin synthesis enzymes are
present in the olfactory bulb (OB). A: PCR and gel electrophoresis of melatonin receptors
and synthesis enzymes. From left to right: 25/100 bp marker, melatonin receptor 1,
melatonin receptor 2, tryptophan hydroxylase 1, tryptophan hydroxylase 2, aromatic L-
amino acid decarboxylase, arylalkylamine N-acetyltransferase, and hydroxyindole-O-
methyltransferase. Messenger RNA encoding both melatonin receptors and all the melatonin
synthesis enzymes are present in OB extracts, though MT1R, MT2R, and AANAT appear to
be expressed at low levels in OB samples. Numbers on the left are bp weights. N = 5. B:
MT2R antibody immunoreactivity in the rat OB. Extensive staining can be seen in the
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glomerular and granule cell layers of the OB; there is some staining in the plexiform layers
and no staining in the mitral cell layer. N = 6, similar staining was observed for 5 wild-type
mice and 3 MT2R-KO mice. GL = glomerular layer, EPL = external plexiform layer, MCL
= mitral cell layer, GCL = granule cell layer.
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Figure 2.
Melatonin receptor mRNAs fluctuate across the light/dark cycle. A: Melatonin receptor 1
mRNA fluctuated in the first 24 hours, but those fluctuations did not return in the second 24-
hour period tested. B: Melatonin receptor 2 mRNA fluctuated in both 24-hour periods tested,
but those high fluctuations (8- to 13-fold changes, on average) did not occur at the same
time points on the two respective days. Each point is the average +/− SEM. N = 4–6
individual animals per time point. Changes were statistically significant (p < 0.05) as
assessed by Kruskal-Wallis and Dunn’s tests. Shaded bars reflect the dark phase. Asterisks
identify groups that were statistically significantly different from other groups, as assessed
by Dunn’s post-hoc test.
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Figure 3.
Tryptophan hydroxylase (TPH), aromatic L-amino acid decarboxylase (AADC), and
hydroxyindole-O-methyltransferase (HIOMT) mRNAs fluctuate across the light/dark cycle.
A: Tryptophan hydroxylase, isoform 1 (TPH1) mRNA changed between light and dark
phases and returned to baseline levels, but the results were not statistically significant. B:
Tryptophan hydroxylase, isoform 2 (TPH2) mRNA fluctuated across the cycles but did not
return to baseline. C: Aromatic L-amino acid decarboxylase (AADC) mRNA fluctuates
across the light/dark cycle, returned to baseline, and was statistically significant. D:
Hydroxyindole-O-methyltransferase (HIOMT) mRNA fluctuated across the light/dark cycle
and returned to baseline levels; those fluctuations were statistically significant and correlated
to AADC mRNA fluctuations depicted in C. Each point is the average +/− SEM. N = 4–6
individual animals per time point. Statistical significance (p < 0.05) was assessed by
Kruskal-Wallis and Dunn’s tests. Shaded bars reflect the dark phase. Asterisks identify
groups that were statistically significantly different from other groups, as assessed by
Dunn’s post-hoc test.
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Figure 4.
Olfactory bulb astrocyte cultures respond to iodomelatonin. Top: control cultures treated
with fresh medium. Bottom: cultures treated with 3 nM iodomelatonin in fresh medium.
Connexin43 immunoreactivity increased in the treated cultures compared to controls. The
control astrocytes appear to express connexins primarily in discrete locations, while
expression was more diffuse after melatonin treatment. To the right of each picture is the
analysis from the ImageJ program, indicating that, when a line was drawn across the image,
there was more diffuse immunoreactivity in the treated cultures compared to controls. Gray
value refers to the intensity of the pixels across that line, where a higher gray value indicates
increased fluorescence than a lower gray value. N = 3.
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Figure 5.
Olfactory bulb slices respond to iodomelatonin. The histogram shows the fold change of the
mRNA, compared to untreated controls (set at 1.0). GluR1, GluR2, Per1, and Cry2 mRNAs
decreased compared to their controls, while Bmal1 mRNA did not appear to change in
response to the experimental treatment. Statistical significance (p < 0.05) noted by asterisks
above bars. Bars are + SEM. N = 4.
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Figure 6.
A subset of juxtaglomerular cells respond to iodomelatonin. A: I-V curve of voltage step
data. 5 minutes of iodomelatonin (I-mel) application results in a decreased current that
recovers after 5 minutes of washout. B: Representative traces from the voltage step protocol.
I-mel application decreases K+ currents to 82 +/− 6% of control within 5 minutes of
exposure, to 77 +/− 4% of control after 10 minutes of exposure. K+ current recovers to 90 +/
− 6% of control after 5 minutes of washout. C: Histogram showing current changes
compared to control. Asterisks above bars denote statistical significance (t-test, p < 0.05).
Bars are + SEM. N = 3 for washout, n = 9 had no effect.
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Table 1

Primer sets used in this study.

Gene Forward Reverse Product
size (bp)

Melatonin receptor 1 (MT1R) GGG GTC TTA CTG CTT TCT CTT CCG CTC CAA CAC TAT GCT G 83

Melatonin receptor 2 (MT2R) CCT TTT GCT ACC TGC GAA TTG CCT CTG GAT TGA TGG 192

Aromatic L-amino acid decarboxylase (AADC) GAA GAG GGA AGG AGA TGG
TGG ATT

GCG AAG AAG TAG GGG CTG
TGC

211

Tryptophan hydroxylase isoform 1 (TPH1) CAA GGA GAA CAA AGA CCA
TTC

ATT CAG CTG TTC TCG GTT
GAT

208

Tryptophan hydroxylase isoform 2 (TPH2) CGC CGA CCA CCC AGG ATT CCC GAA ACA CAA CAC CCC
AAG T

149

Arylalkylamine N-acetyltransferase (AANAT) GCG AGG GTG GGA GTG ACA
AG

TGG GGA CAG ACA GCA GCC 182

Hydroxyindole-O-methyltransferase (HIOMT) TACGGGGACAGGAAGTTTTG GTGCCACTTCTGGGTTCATT 198
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