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Abstract
Circadian rhythms affect olfaction by an unknown molecular mechanism. Independent of the
suprachiasmatic nuclei, the mammalian olfactory bulb (OB) has recently been identified as a
circadian oscillator. The electrical activity in the OB was reported to be synchronized to a daily
rhythm and the clock gene, Period1, was oscillatory in its expression pattern. Because gap
junctions composed of connexin36 and α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptors (AMPARs) have been reported to work together to synchronize firing of action
potentials in the OB, we hypothesized that circadian electrical oscillations could be synchronized
by daily changes in the expression of connexins and AMPAR subunits (GluR1–4). We examined
the OB for the presence of clock genes by polymerase chain reaction (PCR) and whether Period2,
connexins, and AMPARs fluctuated across the light/dark cycle by quantitative PCR or SDS–
PAGE/Western blot analysis. We observed significant changes in the messenger RNA and protein
expression of our targets across 24 or 48 h. Whereas most targets were rhythmic by some
measures, only GluR1 mRNA and protein were both rhythmic by the majority of our tests of
rhythmicity across all time scales. Differential expression of these synaptic proteins over the light/
dark cycle may underlie circadian synchronization of action potential firing in the OB or modify
synaptic interactions that would be predicted to impact olfactory coding, such as alteration of
granule cell inhibition, increased number of available AMPARs to bind glutamate, or an increased
gap junction conductance between mitral/tufted cells.
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Introduction
The olfactory bulb (OB) is the first site of odor information processing in the brain and
sends projections to the piriform cortex, the limbic system, and the lateral hypothalamus
(White, 1965). Recently, the OB has been identified as an independent circadian oscillator,
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as demonstrated by rhythms in Period1 (Per1) expression and synchronized electrical
activity (Abe et al., 2002; Granados-Fuentes et al., 2004a; Abraham et al., 2005), but how
these rhythms affect OB function is unknown. A subset of clock genes, such as Per1, has
been reported in the OB (Abe et al., 2002; Shieh, 2003) and can fluctuate after light
exposure (Hamada et al., 2011). OB rhythms are affected by the suprachiasmatic nuclei
(Granados-Fuentes et al., 2004b) but the OB does not have a known direct connection to
those nuclei. Gap junctions composed of connexin36 (Cx36), working with α-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs), a type of ionotropic
glutamate receptor, were reported to decrease the current injection that elicited synchronized
action potentials from mitral and tufted cells (M/Ts) in the OB, compared to Cx36-knockout
mice (Schoppa and Westbrook, 2002; Christie et al., 2005). M/Ts, but not granule cells,
have rhythmic expression of Per1 protein (Granados-Fuentes et al., 2004a; Abraham et al.,
2005); therefore, diurnal changes in M/T electrical activity may be responsible for the
diurnal rhythm of olfactory acuity in rodents (Granados-Fuentes et al., 2006, 2011).

Within the OB, connexins are expressed by neurons, astrocytes, ensheathing cells, and some
interneurons (Kosaka and Kosaka, 2003, 2004; Kosaka et al., 2005). Collectively, the
literature suggests that only three connexins (Cx) are expressed within the OB: Cx36, Cx43,
and Cx45. Early work examining OB primary cell cultures suggested the absence of Cx26,
Cx32, Cx40, or Cx45 (Miragall et al., 1997). Cx36 and Cx45 were reported within OB
glomeruli (Zhang and Restrepo, 2002, 2003; Rash et al., 2005) and are not expressed by
nonneuronal cells (Rash et al., 2005).Rash et al. (2005) were unable to determine whether
Cx45 was forming gap junctions between M/Ts or between those cells and neurons within
and around glomeruli, called juxtaglomerular cells. M/T-to-juxtaglomerular cell gap
junctions were previously reported (Kosaka and Kosaka, 2003, 2004; Kosaka et al., 2005),
although the molecular identity of the connexin was not determined. Cx43 is expressed by
astrocytes and ensheathing cells in the OB (Rela et al., 2010).

Gap junctions composed of Cx36 help elicit synchronous spiking in the OB, but the required
current is generated by AMPARs (Christie et al., 2005). AMPARs (reviewed in Dingledine
et al., 1999) are composed of tetramers of the subunits GluR1–4 (also called GluA1–4), and
these subunits are present throughout the OB in varying amounts and combinations
(Montague and Greer, 1999). AMPARs are involved in synaptic transmission in the OB
(Berkowicz et al., 1994; Ennis et al., 1996), glutamate spillover responses (e.g. Pimentel and
Margrie, 2008), and astrocytic neurotransmitter release (reviewed in both Volterra and
Meldolesi, 2005, and Haydon and Carmignoto, 2006). AMPARs that include an edited
GluR2 subunit do not generate Ca2+ flux. Rhythmic changes in the expression of GluR2
throughout the OB would therefore change the Ca2+ permeability of the AMPARs, alter
synaptic transmission, lateral excitation, neurotransmitter release, and shift the balance
between AMPARs and N-methyl-D-aspartic acid receptors (NMDARs) as a source of
intracellular Ca2+ (Blakemore et al., 2006; Ma and Lowe, 2007; Pimentel and Margrie,
2008; Decrock et al., 2011). Therefore, any diurnal modulation in both AMPAR subunit and
connexin protein expression could change multiple circuit behaviors in the OB as a function
of the time of day.

Changes in the expression of ion channels that function in the millisecond time scale can
affect activity over much longer time scales (e.g. diurnal, circadian) by altering the
amplitude of synaptic events and the degree of electrical coupling, hence, whether threshold
is achieved. Because gap junctions and AMPARs allow for synchronized action potential
firing, we hypothesized that expression of gap junctions and AMPARs was rhythmic and
would thereby allow synchronized electrical oscillations in the OB. To test our hypothesis,
we analyzed OB RNA extracts by quantitative polymerase chain reaction (PCR) and OB
membrane proteins by SDS–PAGE sodium dodecyl sulfate-polyacrylamide gel
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electrophoresis (SDS-PAGE) followed by Western blot analysis to determine whether
connexins and AMPAR expression levels changed as a function of the time of day. We also
tested for the presence of clock genes and Period2 (Per2) mRNA rhythmicity to establish the
validity of our method. Messenger RNA was examined across 48 h in order to establish
rhythmicity over two cycles; if mRNA was not rhythmic for two cycles, we could conclude
that we observed changes over time but not necessarily rhythmic cycling of that mRNA. We
observed significant changes over time in the expression of Cx36, Cx43, Cx45, and GluR1–
4, though only GluR1 appeared rhythmic. These changes suggest that OB function is
modulated by time- or activity-dependent factors.

Experimental Procedures
Animals

All animals used in this study were Sprague–Dawley rat pups (males and females) ages
postnatal day 21 (P21), P22, and P23 (Charles River, Wilmington, MA, USA), or Cx36-
knockout mice (Deans et al., 2001). Rats were not weaned before sample collection. Rodents
had constant access to food and water ad libitum and were kept on a 12-h-light/12-h-dark
cycle. Lights were turned on at 07:00 h EST and lights were turned off at 19:00 h EST.
Animals collected in the dark were only briefly exposed to dim red light (approximately 100
lux) while animals collected in the light were exposed to the overhead lights (approximately
440 lux).All animals used in these experiments were anesthetized by isoflurane inhalation
and killed by decapitation.

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).

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, USA)
according to manufacturer's instructions. For processing, samples were removed from
RNAlater, placed in ice-cold TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and
homogenized with a rotor–stator homogenizer (PRO Scientific, Oxford, CT, USA) at 50%
amplitude with autoclaved probes washed in diethylpyrocarbonatetreated water. Samples
homogenized in TRIzol were processed according to manufacturer's instructions with a
repeat of the chloroform-addition step. The resulting pellet was reconstituted in 100 μl of
RNase-, DNase-free water (EMD Millipore, Billerica, MA, USA) 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.

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, USA). Sample integrity was
assayed by gel electrophoresis with SYBR Safe DNA Dye (Invitrogen). Five micrograms of
total RNA was used for the reverse-transcription reaction with a Superscript III Reverse
Transcription Supermix Kit (Invitrogen), 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 Spiess (2003). The resulting cDNA was
diluted 1:10 in RNase-, DNase-free water.
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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's
instructions. PCR was run on a Veriti thermal cycler (Applied Biosystems, Carlsbad, CA,
USA). 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 10min, 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 43 V for 2-h, visualized using a Gel Doc XR+
system (Bio-Rad, Hercules, CA, USA). PCRs in which diluted cDNA was replaced with
water did not show bands on electrophoresis gels.

The quantitative PCR solution was composed of SYBR Green Master Mix (Applied
Biosystems), 2 μl of the diluted cDNA, and 500 nM primers, according to manufacturer's
instructions. The quantitative PCR reactions were run on a 7500 Fast Real-Time PCR
Thermocycler (Applied Biosystems). 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; followed by 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 from 12 am, P21 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. Reported results use
GAPDH as the reference gene.

Primer design and primer sets used
Primer sets 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, USA), and ordered from Integrated DNA Technologies (Coralville, IA,
USA). 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 Ref-SeqmRNA 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. 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), 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 by
Kamphuis et al. (2005).

Membrane/organelle protein preparation
Rat pups (P21) were killed at 3-h intervals over a 24-h period, and their OBs were dissected
and placed immediately in a dry-ice/95%-ethanol slurry for flash-freezing. OBs from the
Cx36 −/− 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, USA), and then samples were
homogenized 50 strokes on ice with a Kontes 20 tissue grinder. Each sample was a pair of
OBs from a single rat or mouse. Membrane and organelle proteins were purified by two
rounds of low-speed centrifugation (6500g for 10 min at 4 °C) and then one high-speed
centrifugation (107,000g for 30 min at 4 °C) with an Optima MAX-XP (Beckman-Coulter,
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Brea, CA, USA) in a protocol adapted from Guillemin et al. (2005) and Schindler et al.
(2006). The pellet was reconstituted by tip sonication (Model 120, Fisher Scientific,
Pittsburgh, PA, USA) as previously described (Cook and Fadool, 2002) and stored at −80 °C
until use.

SDS–PAGE and Western blot analysis
Protein concentrations were determined using a Bradford assay (Bio-Rad). For each sample,
5–15 μg of membrane/organelle proteins was separated by 10% polyacrylamide gel
electrophoresis then electro-transferred to nitrocellulose by semidry transfer (SD TransBlot,
Bio-Rad). For samples to be probed with Cx36 antisera, 30 μg of membrane/organelle
proteins were separated by 10% polyacrylamide gel electrophoresis and electro-transferred
to polyvinylidene fluoride membranes according to standard protocols. Solutions used for
electrophoresis and electrotransfer were described by Sambrook and Russell (2001). Target
antisera were coapplied with the mouse anti-β-III-tubulin loading control when feasible.
Secondary antibodies conjugated to near-infrared dyes were only mixed when dual-color
experiments were desired. Nitrocellulose blots were stripped (NewBlot Stripping Buffer, LI-
COR Biosciences) and reprobed with a second antibody of interest. Blots for Cx36 were
examined by chemiluminescence rather than fluorescence because of the lack of strong
fluorescent signal. Blots were visualized by autoradiography with ECL Plus reagents (GE
Healthcare, Piscataway, NJ, USA). Polyvinylidene fluoride blots were stripped with the
stripping buffer described by Yeung and Stanley (2009) and reprobed with rabbit
monoclonal anti-β-III-tubulin (Sigma–Aldrich) as a loading control.

Antisera
Antisera were diluted in Odyssey Blocking Buffer with 0.2% Tween-20 (OBBT), 5% bovine
serum albumin in Tris-buffered saline with 0.2% Tween-20 (TBST*), or different
concentrations of nonfat dry milk in Tris-buffered saline with 0.1% Tween-20 (TBST).
Primary antisera used in this study were purchased from Cell Signaling Technology (CST;
Danvers, MA, USA), Invitrogen, Millipore (Billerica, MA, USA), and Sigma–Aldrich and
are as follows, with the epitope, dilution/buffer, and catalog number in parentheses:
Invitrogen rabbit anti-Cx36 (cytoplasmic loop between second and third transmembrane
domains; 1:250 in 4% milk/TBST; 51-6200), Invitrogen rabbit anti-Cx36 (C-terminus; 1:250
in 1% milk/TBST; 51-6300), Invitrogen mouse anti-Cx36 (C-terminus; 1:500 in 4% milk/
TBST; 37-4600), Invitrogen rabbit anti-Cx43 (C-terminus; 1:500 in OBBT; 71-0700),
Invitrogen rabbit anti-Cx45 (C-terminus; 1:250/OBBT; 40-7000), Millipore mouse anti-
GluR1 (N-terminus; 1:500/OBBT; MAB2263), CST rabbit anti-GluR2 (N-terminus; 1:500/
OBBT; 5306S), CST rabbit anti-GluR3 (residues surrounding Pro590 of human GluR3;
1:1500/OBBT; 4676S), CST rabbit anti-GluR4 (residues surrounding Gln890 of human
GluR4; 1:1000 in 5% bovine serum albumin/TBST*; 8070S), CST mouse anti-β-III-tubulin
(C-terminus; 1:2000/OBBT; 4466S), and Sigma–Aldrich rabbit anti-β-III-tubulin (residues
442–446; 1:5000 in 4% milk/TBST; SAB4300623). Secondary antibodies purchased from
LI-COR Biosciences are as follows: goat anti-rabbit conjugated to 800CW dye (1:5000/
OBBT; 926-32211), and goat anti-mouse conjugated to 680LT dye (1:20,000/OBBT;
926-68020). Amersham donkey anti-rabbit conjugated to horseradish peroxidase (GE
Healthcare) was used in chemiluminescent Western blot experiments (1:5000 in 1 or 4%
milk/TBST; NA934).

Quantitative densitometry
Fluorescent Western blots were scanned by a LI-COR Odyssey Imager (LI-COR
Biosciences) and densitometry of the fluorescent western signal was performed with the
Odyssey's operating software (LI-COR). Fluorescent signals were calculated in comparison
to the median background surrounding the band and were normalized to both the β-III-
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tubulin loading control and a reference sample for standardization of variance across
individual gels.

Statistical analysis
Quantitative PCR results and Western blot densitometry results were analyzed by
nonparametric ANOVA (Kruskal–Wallis H test) followed by a Dunn's post-hoc test,
harmonic regression analysis (Legendre and Legendre, 1998), and JTK_CYCLE analysis
(Hughes et al., 2010), all at a 95% confidence level. Real-time PCR data were analyzed as
48-h periods and separate 24-h periods for each analysis, and Western blot data were
analyzed as one 24-h period.

Results
Messenger RNA expression of clock genes and changes in mRNA expression of Per2

Because only a few clock genes have been found in the OB, we examined total RNA
extracts for the presence of canonical clock genes. Clock, Bmal1, Per1, Per2, Per3, Cry1,
Cry2, Rev-erb α, Rev-erb β, and RORα mRNAs are present in the OB (Fig. 1A). To test if
our experimental procedure could identify mRNA changes in the OB over time, we
examined Per2 mRNA over 48-h in rat OB by quantitative PCR (qPCR). Per2 mRNA had
two peaks in expression over 48-h (Fig. 1B). Per2 changes were statistically significant
(Kruskal–Wallis, P < 0.05) across 48-h, but not necessarily rhythmic (JTK_CYCLE, P >
0.05). When the two days were tested separately, only the second 24-h period was
statistically significant (Kruskal– Wallis and JTK_CYCLE, each P <0.05). Neither 24-h
period was statistically significant for rhythmicity as assessed by harmonic regression
analysis (P < 0.05). Quantitative PCR statistical analyses are summarized in Table 2. Our
data were similar at time points close to those previously reported (Hamada et al., 2011).
These data establish that all the genes in the core molecular “lock” are present in the OB and
that our experimental procedure can identify time-dependent changes in gene expression.

Changes in mRNA expression of connexin and AMPA receptor genes
The connexins we tested for diurnal expression patterns in Fig. 2 (Cx36, Cx43, and Cx45)
had been previously identified in the OB by freeze-fracture electron microscopy (Rash et al.,
2005). Cx36 showed a rhythm of mRNA expression with peaks in the dark phase for both
days tested and a trough during the light phase; both dark phase peaks were 5-h after the
lights were turned off (ZT17). Cx43 also peaked in the dark phase for the first 24 h, but the
second 24 h had large fluctuations in Cx43 expression that did not resemble the previous
day's changes. Messenger RNA for Cx45 had peaks during the dark phases over the 48-h.
All three connexins had statistically significant mRNA expression changes over 48 h
(Kruskal–Wallis, P < 0.05) and for the first, but not the second, 24-h period. Cx36 and Cx43
were not statistically significant across 48 h as judged by JTK_CYCLE analysis but
significant for the first 24-h period (P < 0.05). For the three connexins, the first 24-h period
was statistically significant for rhythmicity assessed by harmonic regression, (P < 0.05), but
the second 24-h period was not.

We also examined the mRNA expression of the AMPAR subunits (shown in Fig. 3),
because Christie et al. (2005) showed that Cx36's effects on neurotransmission required
AMPA autoreceptor function. GluR1 had troughs during the light phase for both days and
peaks at ZT17, during the dark phase. GluR2 appeared to fluctuate throughout the 48 h
without clear, repeated peaks between the two days, although each of the peaks occurred in
the dark phase. The data for GluR3 do not appear to show any rhythm but rather show a
slight steady increase over the 48 h. GluR4 does not show a well-defined rhythm, although
its expression was similar to that of GluR2 in that the peaks occurred in the dark phase.
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GluR1–3 mRNAs varied significantly over 48 h (Kruskal–Wallis, P < 0.05). When
separated, GluR1 and GluR2 varied significantly for both 24-h periods tested (Kruskal–
Wallis, P < 0.05), and GluR4 varied significantly for the second 24-h (Kruskal–Wallis).
Only GluR1 varied significantly for both 24-h periods for harmonic regression analysis (P <
0.05). According to the JTK_CYCLE analysis, GluR1 and GluR4 were rhythmic over 48 h,
GluR1 and GluR2 were rhythmic over the first 24 h, and GluR1 and GluR4 were rhythmic
over the second 24 h (P < 0.05).

These results indicate that the relative concentrations of Cx36, Cx43, Cx45, GluR1, GluR2,
and GluR4 mRNAs fluctuate over time and that GluR1 is likely rhythmic, whereas GluR2,
GluR3, and GluR4 are not rhythmic but do change over time.

Changes in connexin and AMPAR subunit proteins expressed in the plasma membrane
Membrane-bound Cx43 protein expression (Fig. 4A) peaked at ZT20 and ZT8, one peak in
the light phase and another peak in the dark. Cx45 (Fig. 4B) peaked at ZT20 and appeared to
decrease steadily after that, although the concentration of the protein appeared to remain
high until after ZT5, implying that the levels remained high in the dark phase. Differences in
membrane protein expression of both connexins were statistically significant (Kruskal–
Wallis, P < 0.05), but only Cx43 expression was harmonic (harmonic regression, P < 0.05).
Both Cx43 and Cx45 were judged rhythmic by JTK_CYCLE analysis (P < 0.05).

We also tried to determine if membrane-bound Cx36 protein expression changed over the
course of a day, but were unsuccessful in identifying a reliable commercial antibody. We
examined Cx36 expression in the rat OB using three different anti-Cx36 antisera. Each
antiserum visualized multiple bands (36 and 72 kDa) in rat and wild-type mouse OB and
hippocampus; unexpectedly, these antisera also labeled these same bands in the heart, liver,
and Cx36-knockout mouse OB and hippocampus. Multiple bandings could not be eliminated
with modification in blocker solution or blocking intensity.

GluR1 protein expression (Fig. 5A) peaked at ZT17. The expression of GluR1 peaked both
in the dark phase and the light phase. GluR2 membrane expression (Fig. 5B) peaked at ZT20
and during the light phase; protein expression did not return to the same level of expression
at the next ZT17 time point. GluR3 expression (Fig. 6A) peaked in the dark, with a much
higher amplitude than was seen at any other time point examined. The lowest point of
GluR3 expression was at both light onset and offset. Membrane protein expression of GluR4
(Fig. 6B) peaked both in the dark and the light, without an apparent rhythm. For all 4
AMPAR subunits, membrane protein expression changes were statistically significant
(Kruskal–Wallis, P < 0.05), but only GluR2 was harmonic (harmonic regression, P < 0.05).
GluR1–3 were judged rhythmic by JTK_CYCLE analysis (P < 0.05).

Taken together, these results demonstrate that the expression patterns of Cx43, Cx45,
GluR1, GluR2, GluR3, and GluR4 proteins in the rat OB membrane change over time, and
that Cx43, GluR1, and GluR2 may be rhythmic. Statistical analyses of the protein data are
summarized in Table 3.

Discussion
Although the OB has been demonstrated to be an independent circadian oscillator, little is
known about the underlying cellular and molecular mechanisms that generate those
oscillations. Our results show that mRNAs for Clock, Bmal1, Per1–3, Cry1–2, Rev-erbα
and Rev-erbβ, and RORα are present in the rat OB. Per2 mRNA expression changed over
the course of 48 h, but was not rhythmic. A previous report (Hamada et al., 2011) showed
that Per2 mRNA changed at ZTs 19, 1, 7, and 13 in the OBs of mice. Our study shows
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similar changes at time points close to those 4 on the second day (we show ZTs 20, 2, 8, and
14), though our additional time points make it appear that Per2 is not rhythmic in the rat OB.
We postulate that this is a difference between mice and rats, and that Per1 (Abraham et al.,
2005), but not Per2, expression is rhythmic in the rat OB. We also present evidence that
Cx36 and Cx45 mRNA expression in the OB changed across light and dark phases, and the
expression of both mRNA and membrane-bound protein of Cx43, Cx45, GluR1, GluR2,
GluR3, and GluR4 in the OB changed throughout the course of the day. Our results suggest
that changes in the expression of gap junctions and AMPARs alter odor information
processing by the OB. Some of the proteins we examined had peaks in expression in both
light and dark phases. These peaks may be the results of output of the OB internal clock,
input from the suprachiasmatic nuclei, activity-dependent mechanisms in the OB, or
developmental changes. Developmental changes in the expression of Cx36 (Song et al.,
2012) and AMPARs (Ritter et al., 2002) have been reported in other brain areas.

Cx36 and Cx45 are expressed by neurons in the OB, and gap junctions composed of Cx36
electrically couple these neurons, allowing for synchronous electrical activity. Such activity
requires activation of AMPARs (Christie et al., 2005), as well as intraglomerular lateral
excitation (Christie and Westbrook, 2006). AMPA receptors are expressed throughout the
OB, and changes in the expression of these receptors, as has been shown for other
transmitter systems in response to altered sensory experience (Parrish-Aungst et al., 2011),
would therefore affect the behavior of many circuits within the bulb by altering responses to
excitatory synaptic transmission and glutamate spillover. Because Maher et al. (2009)
showed that Cx36-dependent mitral-cell electrical coupling stabilizes at the adult level in
P14–P21 mice, we propose that the changes we observed in P21 juveniles persist throughout
adulthood.

It is hypothesized that the main rhythmic cells in the OB are M/Ts, because Per1 rhythmicity
was specific to M/Ts and not granule cells (Granados-Fuentes et al., 2004a); therefore, any
diurnal changes in granule cell activity previously described (Granados-Fuentes et al., 2006)
are probably the result of M/T activity on those cells. External tufted cells are known to be
endogenous bursters (Hayar et al., 2004) although it is not known whether their patterns
change with time of day. The exact mechanism by which M/T input would change granule
cell protein expression is unknown; changes in glutamate receptor expression may occur by
activation of mGluR5 at mitral cell-granule cell dendrodendritic synapses (Heinbockel et al.,
2007).

Cx36
Cx36 is expressed by M/T cells and provides direct electrical connections between their
apical dendrites within a glomerulus (Christie et al., 2005; Christie and Westbrook, 2006).
The changes in mRNA expression we report could lead to altered behavior of these circuits
as a function of the time of day because such connections contribute to synchronous
activation of these cells. These alterations could be the molecular basis for the circadian
rhythms in olfactory discrimination of mice (Granados-Fuentes et al., 2011). We
hypothesize that the changes we saw in Cx36 mRNA would only affect mitral cell–mitral
cell, tufted cell–tufted cell, or mitral cell–tufted cell gap junctions, which are composed
exclusively of Cx36. Different expression-system studies have shown that Cx36 does not
form heteromeric gap junctions with either Cx43 or Cx45 (Li et al., 2008). Cx36 modulation
may not occur only at the level of expressed mRNA and protein; in the retina, for example,
dopamine has been shown to be able to alter the conductance of Cx36 gap junctions through
changes in their phosphorylation state (reviewed by Goodenough and Paul, 2009). The OB
has its own population of dopamine neurons, and several studies have shown that dopamine
modulates OB circuits (Hsia et al., 1999; Berkowicz and Trombley, 2000; Ennis et al., 2001;
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Davila et al., 2003). Whether dopamine also alters the function of OB gap junctions is
currently under investigation.

Cx43
Expression of Cx43 is limited to astrocytes and ensheathing cells in the OB (Rash et al.,
2005), though its expression in the olfactory epithelium can affect synaptic transmission to
OB glomeruli (Zhang, 2010). Ensheathing cells do not appear to impact synaptic
transmission in the OB; astrocytes, however, can express circadian rhythms (Prolo et al.,
2005), and can have effects on synaptic transmission (reviewed in Halassa and Haydon,
2010), though neither has been demonstrated in OB astrocytes. Connexin hexamers, called
connexons, can be present on the surface of the cell. The evidence for connexons composed
of Cx43 to form a “hemichannel” that allows for a non-junctional membrane conductance is
controversial (reviewed in Scemes, 2011). It has not been well explored if Cx36 or Cx45 is
capable of forming hemichannels. Gap junction-coupled astrocytes are able to conduct Ca2+

waves that depend on glutamate transmission (Cornell-Bell et al., 1990). In addition,
astrocytes are capable of releasing both glutamate and D-serine (reviewed in Haydon and
Carmignoto, 2006), which together can activate NMDARs. NMDARs are required for
dendrodendritic inhibition within the OB between M/T and granule cells when single
electrical pulses are applied to the OB (Schoppa et al., 1998; Christie et al., 2001).
Astrocytes are also able to regulate blood flow (Metea and Newman, 2006), which may
affect OB neurons by altering local glucose levels (Tucker et al., 2010). We also note that a
recent report (Roux et al., 2011) identified connexin30 expression by astrocytes in the OB.
This report came out after our study was completed, and we note that connexin30 expression
and its effects on astrocyte-to-astrocyte gap junctions may also change across the light/dark
cycle and affect olfaction. Further work is required to determine the effects that changes in
Cx43 expression have on OB astrocytes and how they may influence circuit behavior.

Cx45
Cx45 is regarded as a neuronal connexin (Rash et al., 2005) and has been hypothesized to
connect M/T cells alongside Cx36-containing gap junctions, as happens in the retina (Li et
al., 2008). Cx45 has not been well explored in the OB; its main site of study has been in the
mammalian heart. Currently, we do not know what effects Cx45 expression has on synaptic
transmission because genetic ablation of Cx45 is embryonically lethal and selective
connexin pharmacology is currently limited. Little electrical coupling between M/Ts by
Cx45-containing gap junctions is apparent in the OB, as Cx36-knockout mice show no
electrical coupling between M/Ts despite intact Cx45 (Christie et al., 2005; Christie and
Westbrook, 2006). Ultrastructural studies have confirmed that Cx45 is a neuronal connexin
(Rash et al., 2005), but because of the lack of electrical coupling of neurons in the Cx36-
knockout mouse, Cx45 seems to form junctions with an unknown partner cell type or a
minority of M/Ts.

AMPA receptors
Altering the expression of AMPARs in the OB would affect many different circuit
behaviors. AMPAR subunits are not segregated to different cell types, as are the connexins,
but instead are spread throughout the OB in varying degrees (Montague and Greer, 1999;
Horning et al., 2004). OB AMPARs can also have different kinetics and cation selectivity,
dependent on subunit composition (Blakemore and Trombley, 2003, 2004). Hypothesizing
about the precise effect of changes in GluR1, GluR3, or GluR4 is difficult, but changes in
GluR2 expression would affect the populations of Ca2+-permeable AMPARs. If GluR2 in a
given AMPAR is not edited posttranscriptionally or not present in the AMPAR, that
receptor will allow flux of Ca2+ in addition to Na+ and K+, which can lead to
neurotransmitter release, calmodulin/CAM kinase messenger cascades, and even cell death
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(Trump and Berezesky, 1995), without NMDAR activation. Ca2+-permeable AMPARs are
present in the OB (Blakemore et al., 2006; Ma and Lowe, 2007; Pimentel and Margrie,
2008); decreases in GluR2 may allow for more Ca2+-permeable AMPARs, and these
receptors could play a greater role in dendrodendritic inhibition, which normally requires
NMDAR activity to allow the necessary Ca2+ flux when applying a single electrical pulse to
the OB. If one applies repeated pulses, however, AMPARs and kainate receptors are
required for dendrodendritic inhibition (Schoppa, 2006b). Genetic deletion of GluR2
increases mitral cell inhibition by granule cells via increased Ca2+ flux (Abraham et al.,
2010), which may result in increased synchronous firing of M/Ts (Schoppa, 2006a). We
therefore hypothesize that the changes we saw in GluR2 membrane protein expression
reflect changes in granule cell electrical activity and subsequently change M/T inhibition.

Conclusion
Our results demonstrate time-dependent changes in ion channels that control the synaptic
circuits mediating odor processing by the OB. The OB is a highly laminated structure and
odor processing is dependent on the synaptic circuits within each of these layers. Although
the whole bulb preparations we use in the present study do not identify changes in specific
laminae or cell types, and our approach does not allow precise quantification of surface
versus cytoplasmic proteins, we have demonstrated temporal changes in the OB as a whole,
some of which appear to be diurnal. We hypothesize that these temporal changes affect
synaptic transmission and thus olfaction. The rhythms reported here may affect intercellular
communication through gap junctions and glutamatergic transmission. These changes may
be part of the molecular makeup of the electrical rhythms in the OB reported by Granados-
Fuentes et al., 2004a,b and the circadian patterns of olfactory discrimination in rodents
(Granados-Fuentes et al., 2011).
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AMPA α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor

Cx36 connexin36

Cx43 connexin43

Cx45 connexin45

EDTA ethylenediaminetetraacetic acid

GAPDH glyceraldehyde-3-phosphate dehydrogenase
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M/T mitral/tufted

NMDAR N-methyl-D-aspartic acid receptor

OB olfactory bulb

OBBT Odyssey Blocking Buffer with 0.2% Tween-20

PCR polymerase chain reaction

TBST Tris-buffered saline with 0.1% Tween-20

TBST* Tris-buffered saline with 0.2% Tween-20
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Fig. 1.
Canonical clock genes are present in the rat olfactory bulb (OB). (A) PCR results amplifying
cDNA from rat OB and primers as reported by Kamphuis et al. (2005). Messenger RNAs
encoding Clock, Bmal1, Period1–3(Per1–3), Cryptochrome1–2(Cry1–2), Reverb α, Rev-erb
β, and retinoid-related orphan receptorα (RORα) are present in OB samples. (B) Line plot
of Per2 mRNA changes over 48-h. N = 4–5 animals per time point. Points represent mean
plus or minus standard error of the mean (SEM) in this and subsequent figures. Gray bars
represent dark phases and white bars represent light phases. Per2 mRNA changes were
statistically significant across the 48-h and for the second 24-h period (Kruskal–Wallis H
test, P < 0.05) but not rhythmic across either 24-h tested (harmonic regression analysis, P >
0.05). Per2 mRNA was statistically significant for JTK_CYCLE analysis only for the
second 24-h period (P < 0.05).
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Fig. 2.
Changes in connexin mRNA in the OB across dark and light phases of the diurnal cycle.
Line plots of (A) connexin36 (Cx36), (B) connexin43 (Cx43), and (C) connexin45 (Cx45)
mRNA expression over 48-h. Sample size and notation as in Fig. 1. Cx36, Cx43, and Cx45
mRNA changes were statistically significant across the 48 h (Kruskal–Wallis H test, P <
0.05). Cx36 was rhythmic for the first 24-h tested and both Cx43 and Cx45 were rhythmic
for the second 24-h tested (harmonic regression analysis, P < 0.05). Cx36 and Cx43 mRNAs
were statistically significant only for the first 24-h period as tested by JTK_CYCLE analysis
(P < 0.05), while Cx45 was not significant (P > 0.05).
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Fig. 3.
Changes in α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)
subunit mRNA across dark and light phases in rat OB. Line plots of (A) GluR1, (B) GluR2,
(C) GluR3, and (D) GluR4 mRNA expression over 48-h. Sample size and notation as in Fig.
1. GluR1, GluR2, and GluR3 mRNA changes were statistically significant across the 48-h
(Kruskal–Wallis H test, P < 0.05) but only GluR1 was rhythmic for both 24-h periods
(harmonic regression analysis, P < 0.05). GluR1 and GluR4 were rhythmic according to
JTK_CYCLE analysis (P < 0.05).
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Fig. 4.
Changes in connexin proteins expressed in the rat OB membrane across light and dark
phases in the rat OB. (A) Representative membrane proteins harvested over various time
points (ZT), separated by SDS–PAGE, and electro-transferred to nitrocellulose.
Nitrocellulose blots were probed with anti-Cx43 (1:500) and anti-β-III-tubulin (1:2000).
Arrows indicate expected size in kilodaltons (Mr = 43 kDa and 50 kDa, respectively). The
corresponding line plot represents the quantitative densitometry of Cx43 in pixel density
normalized to β-III-tubulin and the 0 time point. Data are mean +/− SEM for 5–7 animals
per time point. Cx43 protein changes were statistically significant across the 24-h (Kruskal–
Wallis H test, P < 0.05) and rhythmic (harmonic regression analysis, P < 0.05). (B) Same as
(A) but probed with anti-Cx45 (1:250) and anti-β-III-tubulin (1:2000). Arrows indicate
expected size in kDa (Mr = 45 kDa and 50 kDa, respectively). Cx45 protein changes were
statistically significant across the 24-h (Kruskal–Wallis H test, P < 0.05) but arrhythmic
(harmonic regression analysis, P > 0.05). Cx43 and Cx45 protein changes were statistically
significant for JTK_CYCLE analysis (P < 0.05).
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Fig. 5.
Changes in AMPAR subunit protein expressed in the rat OB membrane across light and
dark phases in rat OB. (A) Anti-GluR1 (1:500) and (B) anti-GluR2 (1:500) using
experimental design, analysis, notation, sample size, and statistical metric as in Fig. 4.
Nitrocellulose blots were stripped and reprobed with anti-β-III-tubulin (1:2000). Arrows
indicate expected size in kilodaltons (Mr = 110 kDa for GluR1, 100 kDa for GluR2, and 50
kDa for tubulin). GluR1 and GluR2 protein changes were statistically significant across the
48 h (Kruskal–Wallis H test, P < 0.05) but only GluR2 protein expression was rhythmic in
the 24-h tested (harmonic regression analysis, P < 0.05). GluR1 and GluR2 protein
expression was statistically significant for JTK_CYCLE analysis (P < 0.05).

Corthell et al. Page 19

Neuroscience. Author manuscript; available in PMC 2013 October 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 6.
Changes in AMPAR subunit protein expressed in the rat OB membrane across light and
dark phases in the rat OB. (A) Anti-GluR3 (1:1500) and anti-beta-III-tubulin (1:2000) and
(B) anti-GluR4 (1:1000) using experimental design, analysis, notation, sample size, and
statistical metric as in Fig. 4. Nitrocellulose blots probed with anti-GluR4 were stripped and
reprobed with anti-β-III-tubulin (1:2000). Arrows indicate expected size in kilodalton (Mr =
100 kDa for GluR3 and GluR4, and 50 kDa for tubulin). GluR3 and GluR4 protein changes
were statistically significant across the 48-h (Kruskal–Wallis H test, P < 0.05) but not
rhythmic across either 24-h tested (harmonic regression analysis, P > 0.05). GluR3 protein
expression was statistically significant for JTK_CYCLE analysis (P < 0.05).
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Table 1
Primer sets designed for this study

Gene name Forward primer 5′ to 3′ Reverse primer 5′ to 3′ Product (bp)

Connexin36 (Cx36) TGC TCT GGA GAT TGG GTT
TCT GGT

AGA TTG AGC ACC ACA
CAA ATG CCG

186

Connexin43 (Cx43) GAA CAG GTG GGG ATA
AGG GAG GT

GAT GGG GGC AGA GAG
AGA AAG C

164

Connexin45 (Cx45) GCA GAA CAA AGC CAA
TAT CGC CCA

TTC TGG TGA TGG TAG
GCC TGG ATT

144

Ribosomal protein S28 TTT ATG GAT GAC ACC AGC
CGC TCT

TTT CTG ACT CCA ACA
GGG TGA GCA

88

β-III-tubulin ATG AAG GAG GTG GAT
GAG CAG ATG

GCC GAT GAA GGT GGA
CGA CA

141

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) GGG TGA TGC TGG TGC
TGA GTA TGT

CGG AAG GGG CGG AGA
TGA TGA

116
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Table 3
Statistical results for measured membrane/organelle protein

Protein KW24 HR24 JTK24

Cx43 * * *

Cx45 * NS *

GluR1 * NS *

GluR2 * * *

GluR3 * NS *

GluR4 * NS NS

KW24 is the Kruskal–Wallis H test, HR24 is the harmonic regression analysis, and JTK24 is the JTK_CYCLE analysis. An “*” indicates that test
was statistically significant at a 95% confidence level and not significant is “NS”.
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