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In the olfactory bulb, a cAMP/PKA/CREB-dependent form of learning occurs in the first week of life that provides a

unique mammalian model for defining the epigenetic role of this evolutionarily ancient plasticity cascade. Odor preference

learning in the week-old rat pup is rapidly induced by a 10-min pairing of odor and stroking. Memory is demonstrable at

24 h, but not 48 h, posttraining. Using this paradigm, pups that showed peppermint preference 30 min posttraining were

sacrificed 20 min later for laser microdissection of odor-encoding mitral cells. Controls were given odor only. Microarray

analysis revealed that 13 nonprotein-coding mRNAs linked to mRNA translation and splicing and 11 protein-coding mRNAs

linked to transcription differed with odor preference training. MicroRNA23b, a translation inhibitor of multiple plasticity-

related mRNAs, was down-regulated. Protein-coding transcription was up-regulated for Sec23b, Clic2, Rpp14, Dcbld1,

Magee2, Mstn, Fam229b, RGD1566265, and Mgst2. Gng12 and Srcg1 mRNAs were down-regulated. Increases in Sec23b,

Clic2, and Dcbld1 proteins were confirmed in mitral cells in situ at the same time point following training. The protein-

coding changes are consistent with extracellular matrix remodeling and ryanodine receptor involvement in odor preference

learning. A role for CREB and AP1 as triggers of memory-related mRNA regulation is supported. The small number of gene

changes identified in the mitral cell input/output link for 24 h memory will facilitate investigation of the nature, and re-

versibility, of changes supporting temporally restricted long-term memory.

[Supplemental material is available for this article.]

Early odor preference learning in the rat pup is an exceptional
model for illuminating the epigenetic changes that support learn-
ing and memory. Early odor preference learning reflects the opera-
tion of an evolutionarily ancient associative plasticity cascade
expressed in mammals as well as invertebrates. That cascade,
cAMP/PKA/CREB, was first illuminated in Aplysia (Kandel 2012),
and is triggered in the mollusk by serotonin. Kandel proposed
that in mammals (Brunelli et al. 1976), the same plasticity mecha-
nisms would be engaged by norepinephrine (NE). Forebrain NE re-
lease by locus coeruleus neurons occurs with tactile activation in
rat pups (Kimura and Nakamura 1985; Nakamura et al. 1987). NE
then acts through β-adrenergic receptors in the olfactory bulb
(OB) to generate a pulsatile cAMP wave (Cui et al. 2007) that pro-
vides the unconditioned stimulus (US) for odor preference learn-
ing. In this model, β-adrenergic activation is both necessary and
sufficient for odor preference memory (Sullivan et al. 1989).
Glutamatergic olfactory nerve input to OB mitral cells carries the
conditioned stimulus (CS) (Cui et al. 2011). Pairing CS and US in
the first week of life generates odor preferences that allow pups to
maintain proximity to their dams. A single 10 min odor paired
with stroking or optimal β-adrenergic activation activates CREB
(McLean et al. 1999), but produces only 24 h memory (McLean
et al. 2005), while repeated pairings of odor and maternal care
can generate life-long memories (Fillion and Blass 1986; Shah

et al. 2002). Thus, the model can also provide a tool for exploring
the epigenetic underpinning of memory duration.

Importantly, the changes critical for expression of odor pref-
erence memory occur in topographically organized odor-
responsive mitral cells, which both receive odor nerve input to
the OB and then transmit the primary OB output to cortical struc-
tures. Since mitral cells have topographical organization, unlike
representations in more complex structures such as hippocampus,
these cellular transducers of odor memories can be isolated using
laser microdissection (LMD).

At later developmental stages, the US is no longer a simple
function of OB β-adrenergic activation and OBmitral cell changes.
Thus, the first week of life provides a singular opportunity to probe
evolutionarily ancient biologicalmemorymechanisms underlying
a well-characterized associative memory in the mammalian ner-
vous system.

The early odor preference learning and memory model re-
flects four classes of changes linked to memory expression as re-
viewed in detail below: (1) increased AMPA receptor (AMPAR)
density and current for the trained odor input permitting robust
activation by that odor; (2) decreased NMDA receptor (NMDAR)
2b subunits suggesting reduced plasticity and increased stability;
(3) increased metabolic activity in the encoding region, permit-
ting more active circuits; and consistent with the foregoing,
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(4) increased representational stability as indexed by arc catFish,
of both excitatory and inhibitory peppermint cell activation in
the mitral and granule cells, respectively. This odor preference
learning model shares conserved features of learning and memory
previously identified in species from fruit flies to humans (Kandel
2012).

Novel glutamatergic odor input was provided from pepper-
mint-scented bedding. This CS activates mitral cell AMPA and
NMDA receptors. A single 10 min training trial that pairs a novel
odor with stroking leads to a learned odor preference readily dem-
onstrated at 24 h, but not at 48 h (for a recent review of the model
see Yuan et al. 2014).

This 24 h odor preference long-term memory (LTM) requires
protein synthesis. Blocking mRNA transcription in the first hour
posttraining, but not after, prevents 24 h LTM, while blocking
mRNA translation in the first hour, but not after, prevents both
intermediate-termmemory (∼5 h) and 24h LTM. Short-termmem-
ory for odor preference (<3 h) does not require protein synthesis
(Grimes et al. 2011).

Multiple intracellular signaling changes associated with
memory initiationhave been characterized. Tenminutes following
training that produces a 24 h peppermint odor preference, cAMP
(Cui et al. 2007), PKA activity (Grimes et al. 2012), AMPAR
GluA1 subunit phosphorylation (Cui et al. 2011), and CREB phos-
phorylation (McLean et al. 1999) are at their highest levels, subse-
quently declining back to baseline. Blocking bulbar pCREB
production prevents early odor preference learning (Yuan et al.
2003). Glomerular NMDAR phosphorylation on the PKA-sensitive
GluN1 phosphorylation site is highest at the first time point exam-
ined, 5 min posttraining (Lethbridge et al. 2012). Peppermint odor
is represented in the dorsolateral and dorsomedial quadrants of the
OB, as previously indexed by metabolic markers (e.g, Sullivan and
Leon 1986) and pCREB increases (McLean et al. 1999).

Calmodulin kinase II (CaMKII) phosphorylation in the dorso-
lateral quadrant is the highest 5–10 min posttraining (Modarresi
et al. 2016). An antagonist of CaMKII prevents the learning of a
specific peppermint preference (Modarresi et al. 2016) suggesting
odor preference specificity requires glutamatergic recruitment of
this mediator. While GluN1 NMDARs have returned to baseline
by 24 h, the NMDAR 2B subunits are significantly lower than base-
line at 24 h (Lethbridge et al. 2012), implying that the odor learn-
ing circuit is less plastic, and more stable, at the time of 24 h
memory expression.

Consistent with more robust and stable odor activation, the
AMPAR GluA1 subunits are significantly increased at 24 h as mea-
sured in synaptosomes (Cui et al. 2011). The increase in AMPAR
GluA1 subunits is selective to synaptic insertion as there is no
change in total tissue GluA1. Using immunohistochemistry
(IHC)Cui et al. (2011) demonstrated increased dorsolateral glomer-
ular GluA1 expression at 24 h but not 48 h. Critically, preventing
AMPA receptor insertion blocked 24 h early odor preference mem-
ory (Cui et al. 2011).

Correspondingly, in ex vivo experiments, the olfactory nerve
evoked-mitral cell AMPAR currents are increased at 24 h, while
NMDAR currents are decreased (an increased AMPAR/NMDAR cur-
rent ratio) (Lethbridge et al. 2012). Similar effects are seen in the oc-
cluded nares lateralized odor preference model (Fontaine et al.
2013). These functional outcomes are consistentwith postsynaptic
AMPAR insertion in mitral cell glomerular dendrites mediating
long-term potentiation-like changes in the olfactory nerve to mi-
tral cell synapses underlying peppermint representations.
Additionally, metabolic activity as indexed by intrinsic light reflec-
tion is increased at 24 h over the surface of the dorsal OB of trained
rat pups at the glomerular level (Yuan et al. 2002). Thus, increased
metabolic support also occurs in the glomeruli following a single
training trial.

Arc catFISH methodology, which enables a comparative visu-
alization of peppermint odor representations before and after
training, shows that both excitatory mitral cell and inhibitory
granule cell representations for peppermint in the dorsolateral
quadrant become significantly more stable with training
(Shakhawat et al. 2014). There is greater overlap in both the excit-
atory and the inhibitory representations indexed by in situ Arc ex-
pression in mitral and granule cells (Shakhawat et al. 2014).

Here we use LMD of an OB area (see Fig. 1) that contains
peppermint-responsive mitral cells (McLean et al. 1999) and mi-
croarray analysis of mRNA expression near the end of the 1-h pro-
tein synthesis-sensitive period (Grimes et al. 2011) to identify
putative mitral cell mRNA mediators of 24 h peppermint odor
memory. We examined training-related mRNA transcription oc-
curring near the end of the first hour posttraining (50 min post-
training) at a time when protein synthesis inhibitors prevent
intermediate and long-term memory expression while allowing
maximal time for training-related transcription events to have
been initiated (Fig. 1).

The acquisition of an odor preference, or its absence, was con-
firmed prior to sacrifice in each pup. While testing may initiate
some transcription, short-term memory is not related to protein
synthesis, and it was important for this first study to ensure appro-
priate behavioral expression of odor preference in both control and
experimental pups. Later, in separate groups of rat pups, immuno-
histochemistry was used to visualize the MCL protein synthesis
changes predicted by a subset of the protein-encoding mRNA
changes discovered. Whole bulb changes were also examined in
trained versus odor only rat pups, using microarrays, to assess the
importance of the targeted LMD of mitral cells for the detection
of training-related transcription differences in the topographically
organized OB.

Results

Olfactory testing results
Trained pups that had a 50% or better preference score in testing
30 min after training were used for microarray analyses, while
odor only exposed pupswere selected that showed 30%or less pref-
erence at test. Group behavioral performance is shown in Figure 2.
Early odor preference learning for peppermint following the odor +
stroking conditionhas been reflected in a reduction in avoidance of
peppermint in week-old rat pups since it was first reported (22%
odor only versus 60% odor + stroking Sullivan and Leon 1987).

Laser-dissected dorsolateral mitral cell layer microarray
Twenty-four genes had a significantly different expression in the
laser-dissected dorsal lateral MCL of the OB in pups that learned
an odor preference for peppermint versus control pups that
were only given odor exposure and did not develop a preference.
Of these, 13 were nonprotein-coding genes (see Table 1) and
eleven were protein-coding genes (see Table 2). (Supplemental
Spreadsheet 1 provides all the microarray data for the LMD
experiment.)

Nonprotein-coding mRNAs (n= 13)
Five small nucleolar RNAs, involved in the maturation of noncod-
ing mRNAs (Smalheiser 2014) differed by microarray analysis.
Four, Snord38, Snord113, Snora15, and Snora22, were elevated
in the learning group, while Snora4 was decreased. Four small nu-
clear RNAs, U1 (1) and U6s (3), which are components of spliceo-
somes, were also elevated in the learning group. Finally, four
microRNAs were significantly changed with training. Three are
novel microRNA precursors about which little is known. Two
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were up-regulated, AABR07010633.1 and AABR0704047044,
while AABR07012826.1 was down-regulated. The fourth, a well-
characterized microRNA, MiR23b, was down-regulated with
training.

Noncoding mRNAs modulate dendritic protein translation
and are altered in the hippocampus in the early stages of two-
odor discrimination learning in adult rats (Smalheiser 2014).
Modulating local translation of dendritic protein synthesis can per-
mit rapid alteration of synaptic connectivity and provide dynamic,
time-limited support of changing functional connectivity.

Spliceosome changes relate to splicing variations in proteins
and the expression of differing isoforms. Splicing permits alter-
ation of functional proteins without changing the levels of protein
synthesis per se. The microarray used identified protein isoforms
only fortuitously. But, alterations in the gene probes of one
protein-encoding mRNA (Sema4C, see Immunohistochemistry re-
sults) were consistent with a splicing change as part of 24 h odor
preference learning.

MicroRNAs (MiR) have a direct role in modulating protein
translation. Their predominant role is the inhibition of translation
of specificmRNA targets. Thus, down-regulation ofMiRs can rapid-
ly up-regulate translation of proteins supporting circuitry change.
More than 20 mRNAs implicated in synaptic plasticity have been
validated for MiR23b (see Discussion), while all were expressed in
the microarray samples, the Translation model proposed in
Figure 3 is confined to nine plasticity-related mRNAs (Cdh2, Gls,
Tfam, Pak1, Limk1, Ccng1, Notch, PTEN, Pak1, and Hes1) con-
firmed to be expressed in mitral cells of the mouse dorsolateral
OB at PND4 and PND14 as documented in the Allen Developing
Mouse Brain Atlas (2008). Their functional roles in synaptic plastic-
ity support are identified in Figure 3. While in situ hybridization
identifies their production in mitral cells, translation is also likely
to occur locally at synaptic sites, but levels of mRNA expression
at those sites do not permit visualization in the Allen Developing
Mouse Brain Atlas (2008). Glomerular expression is visible for
Cdh2, Gls, Pak1, LimK1, Ccng1, Notch2, Pten, and Pak1 in this
age range, butmay relate to expression in juxtaglomerular neurons
rather than mitral cell glomerular dendrites.

Protein-coding gene changes (n= 11)
Nine protein-coding mRNAs were up-regulated: Sec23b, Clic2,
Rpp14, Mstn, Dcbld1, Magee2, Fam229b, RGD1566265, and
Mgst2 (see Table 1). Four of these were assessed for optical density
changes in protein expression using IHC in the occluded naris
learningmodel: Sec23b, Clic2, Magee2, and Dcbld1. In the occlud-
ed naris model rat pups have one naris occluded during the 10min
odor+ stroking training session. The bulbs were removed for IHC
analysis at the same time point (50min posttraining) as for themi-
croarray experiments. Two protein-coding mRNAs were down-
regulated: Scrg1 and Gng12. Scrg1 was also assessed by IHC in
the occluded naris model. Since an earlier Sick Kids (University
of Toronto) microarray analysis, which separated gene probes rath-

er than treating all gene probes for one protein mRNA species as a
single index of production of that protein as done here, suggested
the Sema4c expression was regulated by training, we also used an
available Sema4C antibody for IHC. IHC confirmed mitral cell lo-
calization of Sema4c and demonstrated up-regulation for the iso-
form detected by the antibody.

All of the protein-coding mRNAs modified by training in the
6-d oldOBwere confirmed to be actively expressed inmitral cells of
the PND56 mouse brain in the Allen Brain Atlas (Lein et al. 2007),
but only Mstn (myostatin) was displayed in the Allen Developing
Mouse Brain Atlas (2008). Mstn is expressed in mitral cells at
both PND4 and PND14.Mtsn is best known for its role in negative-
ly regulating muscle cell growth, but myostatin protein and the
myostatin propeptide occur in rodent mitral cells (Iwasaki et al.
2013). Specifically, in adult mouse, myostatin is selectively ex-
pressed in mitral cells implicated in mediating learned odor aver-
sion (Iwasaki et al. 2013). The present microarray result suggests
Mstn also plays a role in those mitral cells mediating early learned
odor preference.

Amodel of the functional effects supported by the changes in
protein-encoding mRNAs that have been well-characterized is
shown in Figure 4.

Immunohistochemistry demonstrating protein expression

in the rat pup occluded naris model in a subset of

protein-coding genes identified as learning-related by

microarray
It does not appear that any of the proteins we examined with IHC
has been previously demonstrated inmitral cells of the rat pupOB.
All were present in mitral cells.

Dcbld1 belongs to a novel class of two transmembrane scaf-
folding proteins that are structurally similar to the neuropilins,
containing a discoiden domain (DC) and a complement
C1r/C1s/Uegf, Bmp1 (CUB) domain. The CUB domain provides a
site for semaphorin interaction (Schmoker et al. 2019). CUB do-
mains can also interact with glutamate receptors, e.g., (Ng et al.

Figure 1. Timeline for peppermint odor or odor + stroking training, odor preference testing and LMD followed by microarray analysis. The thionin-
stained section shows a region of the mitral cell layer (MCL) (excised) that was microdissected prior to sample collection in an assay tube. The bar indicates
100 microns. The lasered region is in a dorsolateral quadrant of the MCL normally activated by peppermint.

Figure 2. Preference for peppermint after 10 min training session. Black
bar represents pups exposed to peppermint odor only during training.
Gray hatched bar represents pups given intermittent stroking while
exposed to peppermint odor. Unpaired t(4) = 4.60, **P<0.005. Error
bars represent standard errors of the mean (SEMs).

Mitral cell mRNA for rat pup 24-h odor preference
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2009). Generally, neuropilins are receptors for plexins or sema-
phorins and guide the development of neuronal connections.
While initially linked to axonal guidance (Gavazzi 2001), they
are now known to play critical roles in dendritic guidance (Kim
and Chiba 2004). Semaphorin4B targets Dcbld2 for ubiquitylation
(Schmoker et al. 2019). Schmoker (Schmoker et al. 2019) provides
an excellent review of what is known about Dcbld proteins.

Dcbld1 protein was present in the MCL, the external plexi-
form layer (EPL) and the glomerular layer (GL) of the OB (Fig.
5A). Hemisphere (occluded or open nares) and quadrants (ventral
medial, VM, ventral lateral, VL, dorsal medial, DM, dorsal lateral,
DL) were assessed for differences in IHC optical density. ANOVAs
were not significant for Hemisphere or Hemisphere×Quadrant
interactions for EPL (Hemisphere F(1,14) = 1.892, P=0.191,
Hemisphere ×Quadrant F(3,14) = 0.720, P= 0.556) or GL (Hemi-
sphere F(1,14) = 3.848, P=0.07; F(3,14) = 2.053, P=0.153). However,
in MCL, Hemispheres were significantly different, F(1,14) = 5.851,
P=0.030, as were Quadrants, F(3,14) = 17.677, P<0.001, although
Hemisphere ×Quadrant (F(3,14) = 2.513, P=0.101) was not signifi-
cantly different. See Figure 5B–D. A post-hoc paired t-test revealed
darker reactivity in the dorsal medial portion of the MCL in the
open nares hemisphere, t(4) = 2.971, P= 0.041.

As mentioned earlier, we also examined Sema4C with IHC
(Fig. 6A). In an initial analysis of our microarray data, for
which each gene-related probe was treated separately, a sema-
phorin, identified as Semaphorin 4C, was down-regulated by
odor preference training. We tested a Sema4C antibody in IHC

and found up-regulation by training. The difference in outcome
appears to lie in splicing variants. In the current analysis, gene-
probes identifying the same proteinwere grouped together as a sin-
gle index of that protein. The multiple probes for Semaphorin 4c,
together, were not significantly different after training. One
Semaphorin 4c splicing variant (Semaphorin4c-201) was sig-
nificantly down-regulated as initially identified, but when com-
bined with the probe levels of another Semaphorin 4c variant
(Sempaphorin4c-001), the reduction in Semaphorin 4c overall dis-
appeared. Semaphorin4c-001 mRNA increased and the increase in
Semaphorin4c-001 was sufficient to cancel out the previously sig-
nificant Semaphorin4C-201 decrease.

In the IHC, using a commercial Sema4C antibody whose var-
iant specificity is unknown, we found higher optical density for
Sema4C on the open nares side with training (see Fig. 6B–D) con-
sistent with the Dcbld1 data above. In the Hemisphere and
Hemisphere ×Quadrant ANOVAs there were no differences for
the GL (Hemisphere F(1,14) = 2.79, P=0.117, Hemisphere ×
Quadrant F(3,14) = 2.511, P=0.101 or the EPL (Hemisphere F(1,14) =
1.44, P=0.25, Hemisphere ×Quadrant F(3,14) = 2.416, P=0.110) re-
gions, but the MCL had a significant Hemisphere effect, F(1,14) =
9.38, P=0.008, and a significant Quadrant effect, F(3,14) = 12.575,
P< 0.001, although again the Hemisphere ×Quadrant effects was
not significant (F(3,14) = 1.745, P=0.204). Sema4Cwas significantly
darker for the open nares hemisphere in the ventral medial (t(3) =
4.661, P< 0.010) and dorsal medial quadrants (t(3) = 4.49, P=
0.021). The dorsal pattern of this Sema4C antibody (Fig. 6A)

Table 1. Nonprotein-coding mRNAs changed by early odor preference training

Gene Fold Direction P value Gene identifier

Small nucleolar RNA SNORD38 3.07 increase 1.40 × 10−09 ENSRNOG00000055378
U1 splicesomal RNA 2.94 increase 8.30 × 10−09 ENSRNOG00000057965
Small nucleolar RNA SNORA15 2.91 increase 8.30 × 10−09 ENSRNOG00000058810
AABR07047044.1 2.38 increase 1.05 × 10−06 ENSRNOG00000036484
U6 spliceosomal RNA 2.55 increase 1.60 × 10−06 ENSRNOG00000051493
Small nucleolar RNA SNORD113 2.23 increase 0.000069 ENSRNOG00000053761
Small nucleolar RNA SNORA22 2.24 increase 1.01 × 10−04 ENSRNOG00000051585
AABR07010633.1 2 increase 6.50 × 10−04 ENSRNOG00000036425
U6 splicesomal RNA 1.86 increase 0.00381 ENSRNOG00000053224
U6 splicesomal RNA 1.7 increase 0.0264 ENSRNOG00000055540
Small nucleolar RNA SNORA4 −2.06 decrease 0.00082 ENSRNOG00000059688
AABR07009538.1 −1.75 decrease 0.00883 ENSRNOG00000038752
MicroRNA 23b MiR23b −1.63 decrease 0.0159 ENSRNOG00000035467

Gene expression differences in nonprotein-coding mRNAs in laser-dissected dorsolateral MCLs from the olfactory bulbs of odor preference learning versus odor-
only exposed rat pups 50 min following a single 10 min odor + stroke training block. Each comparison had n= 3 for each condition. Fold changes indicated by−
sign indicate decreased expression of the gene in the O/S DL group.

Table 2. Protein-coding mRNAs changed by early odor preference training

Gene Fold Direction P value Gene identifier

Family with sequence similarity 229, member B (Fam229B) 2.4 increase 1.10 × 10−06 ENSRNOG00000024918
Sec23 homolog B (Sec23B) 2.08 increase 0.0001 ENSRNOG00000008411
Ribonuclease P/MRP 14 subunit (Rpp14) 2.03 increase 0.00069 ENSRNOG00000039829
Melanoma antigen, family E, 2 (Magee2) 1.82 increase 0.00121 ENSRNOG00000021400
Microsomal glutathione S-transferase 2 (Mgst2) 1.65 increase 0.00296 ENSRNOG00000061857
Chloride intracellular channel 2 (Clic2) 1.74 increase 0.01186 ENSRNOG00000000728
RGD1566265 1.49 increase 0.01186 ENSRNOG00000002323
Discoiden, CUB and LCCL domain containing 1 (Dcbld1) 1.7 increase 0.0174 ENSRNOG00000000407
Myostatin (Mstn) 1.61 increase 0.0307 ENSRNOG00000021294
Stimulator of chondrogenesis 1 (Scrg1) −1.79 decrease 0.00099 ENSRNOG00000013228
Guanine nucleotide binding protein, gamma 12 (Gng12) −1.45 decrease 0.0159 ENSRNOG00000050231

Gene expression differences in protein-coding mRNAs in laser-dissected dorsolateral MCLs from the olfactory bulbs of odor preference learning versus odor-only
exposed rat pups 50 min following a single 10 min odor + stroke training block. Each comparison had n= 3 for each condition. Fold changes indicated by− sign
indicate decreased expression of the gene in the O/S DL group.
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aligned with that of the Dcbld1 antibody (Fig. 5A), the neuropilin-
like possible partner for semaphorins in generating neuronal
connectivity.

Clic2 acts primarily as a modulator of the ryanodine receptors
controlling intracellular calcium release from the endoplasmic re-
ticulum by stabilizing its closed state and enhancing substate
events (Dulhunty et al. 2005; Meng et al. 2009). Clic2 effects on
the ryanodine receptor resemble those produced by the calcineurin
inhibitor FK506 (Brillantes et al. 1994), which acts in concert with
one-trial training to extend early odor preference memory
(Christie-Fougere et al. 2009).

In the unilateral nares experiment, IHC revealed that Clic2
protein was strongly expressed in mitral cells as well as in the glo-
merular and external plexiform regions (see Fig. 7A). ANOVAs for
Hemisphere and Hemisphere ×Quadrant were not significant for
the GL (Hemisphere F(1,18) = 4.799, P=0.042, Hemisphere×
Quadrant F(3,18) = 1.433, P=0.266) or EPL (Hemisphere F(1,18) =

2.430, P=0.136, Hemisphere ×Quadrant F(3,18) = 1.592, P=
0.226), but were significant for MCL: Hemisphere, F(1,18) = 9.542,
P=0.006, Hemisphere ×Quadrant, F(3,18) = 3.597, P=0.034. See
Figure 7B–D. Paired t-tests revealed that dorsal lateral mitral cells
were significantly more reactive in the open nares hemisphere,
t(5) = 2.758, P=0.040.

Scrg1 mRNA produces a small secreted-peptide up-regulated
in transmissible spongiform encephalopathies (Dron et al. 1998).
Its neuronal expression increases postnatally in mice, reaching
adult levels by PND8 (Dron et al. 2000). Scrg1 also marks dense
core vesicles (Dandoy-Dron et al. 2003). Scrg1 reduction is associ-
ated with differentiation (Aomatsu et al. 2014), while increases
can relate to autophagy (Dron et al. 2005).

The IHC results confirmed that SCRG1 protein is targeted to
mitral cells and to the EPL and glomerular layer of PND6 rat OB.
See Figure 8A. Neither the Hemisphere nor the Hemisphere ×
Quadrant ANOVAs showed significant differences in SCRG1

Figure 3. Model of functional alterations associated with the protein translation increases predicted by down-regulating MiR23b in the dorsolateral
mitral cells of the olfactory bulb in learning versus nonlearning pups. Genes highlighted in green are also in mitral cells in mice in this age range
(Developing Mouse Brain Atlas). Functional changes include (1) increases in cell adhesion, (2) increases in AMPA receptors, (3) modulation of NMDA re-
ceptors, (4) increases in the synaptic membrane and actin branching, (5) increases in mitochondrial biogenesis, (6) increases in neuronal glutamate syn-
thesis. (OSN) olfactory sensory nerve, (MC) mitral cell dendrite, (GC) granule cell inhibitory interneuron dendrite, (Cdh2) cadherin2 or N-cadherin, (Gln)
glutamine, (GL) glutamate, (GLS) glutaminase, (Ca2+) calcium, (NMDAR) NMDA receptor, (AMPAR) AMPA receptor, (mtDNA) mitochondrial DNA,
(TFAM) Transcription Factor A Mitochondrial, (LIMK1) Lim-domain kinase, (CCNG1) cyclin G1, (F-actin) filamentous actin, (Notch) Notch Receptor,
(PSD95) postsynaptic density protein 95, (Hes1) Hairy enhancer of split protein1, (PTEN) Phosphatase and tensin homolog deleted on chromosome
10, (PAK1 and PAK1/3) Serine/Theronine-activated p21 kinases, (CaMKII) calmodulin kinase II, (P) phosphate.

Figure 4. Model of training-induced plasticity changes predicted by up-regulation of transcription in five functionally characterized proteins in the mi-
croarray. The protein-coding genes in red support structural changes such as increased connectivity (Dcbdl1, Sec23b), increased synaptic membrane
(Sec23b), increased ryanodine receptor clustering (Clic2), increased fatty acid production for mitochondrial biogenesis (Rpp14), and increased excitatory
input to granule cells (Mstn).
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reactivity in MCL (Hemisphere F(1,14) = 2.392, P=0.144, Hemi-
sphere ×Quadrant F(3,14) = 3.52×10

−5, P=0.994), EPL (Hemisphere
F(1,14) = 2.056, P= 0.174, Hemisphere ×Quadrant F(3,14) = 0.026, P=
0.994) or GL (Hemisphere F(1,14) = 2.834, P=0.114, Hemisphere ×
Quadrant F(3,14) = 3.253, P=0.054). See Figure 8B–D.

Sec23B is a protein component of COPII, a coated vesicle com-
plex for vesicular export (see (McCaughey and Stephens 2018) for
recent review). Sec23A/B paralogues appear interchangeable
(Khoriaty et al. 2018). In neurons, Sec23 marks endoplasmic retic-
ulum exit sites that are seen at dendritic branch points (Cui-Wang
et al. 2012) and at sites of dendritic glutamate receptor insertion
(Evans et al. 2017; Pick et al. 2017). Sec23b, itself, has also been im-
plicated in cadherin export (Zhu et al. 2015).

IHC revealed that Sec23B expression was strongest in mitral
cells (see MCL Fig. 9A). There were no significant differences in
ANOVAs for Hemisphere or Hemisphere×Quadrant interactions
(Fig. 9B1) in any layer except the MCL (GL Hemisphere F(1,14) =
2.79, P=0.117, Hemisphere×Quadrant F(3,14) = 2.511, P= 0.101;
EPL Hemisphere F(1,14) = 1.44, P=0.25, Hemisphere×Quadrant
F(3,14) = 2.416, P=0.110; MCL Hemisphere F(1,14) = 9.38, P= 0.008,
Hemisphere ×Quadrant F(3,14) = 1.745, P=0.204). A paired t-test
of differences observed in the caudal dorsal MCL revealed stronger
reactivity in the open nares hemisphere (Fig. 9B2, t(5) = 3.419, P=
0.019; see also exemplar sections in Fig. 9A showing caudal dorsal
MCL). All error bars represent SEMs.

Magee2 is a member of theMage family Group II. Members of
Mage family Group II are expressed in normal tissues rather than
cancers (De Donato et al. 2017). Through the MAGE homology
domain,MAGE proteins of Groups I and II interact with RING pro-

teins to promote ubiquitylation that targets substrates for degrada-
tion (Doyle et al. 2010). Another member of the MAGE family,
necdin, promotes mitochondrial health and biogenesis in mam-
malian neurons (Hasegawa et al. 2016).

The present study is the first to identify a role for Magee2 in
neural plasticity. IHC data confirmed the selective distribution of
Magee2 protein in mitral cells, in the EPL and in the glomerular
layer of the 6-d old OB (See Supplemental Fig. 1). There was no sig-
nificant up-regulation of Magee2 protein on the open nares side at
50 min posttraining in the dorsal bulb. Ventral areas were not
analyzed.

Since the mRNA differences found in the dorsal LMD region
in themicroarray at 50min were not evident in changes in protein
expression for SCRG1 or Magee2, at the same time point, the
changes in mRNA for these proteins may occur relatively late in
the 1 h transcription window. A delayed protein increase in
Magee2 might support AMPA receptor degradation and the termi-
nation of memory expression after 24 h. See Widagdo et al. (2017)
for an example. The role of a delayed decrease in SCRG1 is less
clear, although it could link to increasing differentiation in the
learning circuit.

One caveat in considering the evidence for higher expression
of proteins in dorsally placed mitral cells on the open nares side in
these experiments is that preventing odor input by a 10 min nares
occlusion on the closed side may, itself, reduce OB protein expres-
sion. However, elevated protein expression on the side of the open
nares was not seen for either Srcg1 or Magee2 suggesting it is not a
general functional effect. Additionally, previous work with the oc-
cluded nares paradigm in our laboratory did not find differences

A

B

C

D

Figure 5. (A) Dcbld1 immunohistochemical staining in olfactory bulbs
ipsilateral to open and closed nares 50 min following odor stroking train-
ing. (B) Glomerular layer ROD values for olfactory bulb quadrants receiving
input from open and closed nares. (C ) External plexiform ROD values for
olfactory bulb quadrants receiving input from open and closed nares.
(D) Mitral cell layer ROD values for olfactory bulb quadrants receiving
input from open and closed nares. Error bars represent SEMs. * P<0.05,
see results for exact values.
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Figure 6. (A) Sema4c immunohistochemical staining in olfactory bulbs
ipsilateral to occluded and open nares 50 min following odor + stroking
training. (B) Glomerular layer ROD values for olfactory bulb quadrants re-
ceiving input from occluded and open nares. (C) External plexiform ROD
values for olfactory bulb quadrants receiving input from occluded and
open nares. (D) Mitral cell layer ROD values for olfactory bulb quadrants
receiving input from occluded and open nares. Error bars represent
SEMs. * P<0.05, see results for exact values.
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between open and closed nares for the protein calmodulin kinase II
with training in PND6 rat pups, although phosphorylated calmod-
ulin kinase II increased on the open nares side (Modarresi et al.
2016).

Whole bulb microarray results
There were no significant differences in themicroarray analyses us-
ing trained and untrained whole OBs for rat pups sacrificed 50min
posttraining (Supplemental Spreadsheet 2 provides the data from
the whole bulb microarray analysis). This outcome suggests the
mRNA changes supporting odor preference learning are selective
for the LMD mitral cell sample and are masked in whole bulb
analysis.

Discussion

In this first study of mRNA expression related to 24 h, rather than
weeks-long memories, in the mammalian brain, the majority of
mRNA increases are in support of enhanced mRNA translation
and/or altered mRNA splicing rather than increased or decreased
overall protein transcription. The 13 noncoding mRNAs are linked
to translation, translation support (Smalheiser 2014), or to splic-
ing. Fortuitously, as microRNAs were not a specific microarray tar-
get, the decrease in MiR23b that was revealed highlighted a
brain-enriched microRNA biologically validated to down-regulate
more than 20 mRNAs related to neural circuit plasticity including
MMP9, Plaur/uPA, Psap, Arf, Arhpgef6, Anxa2, Oprm1, Pak3,
Bcl-xl, Vldlr, Apaf1, Hip1r, LimK3, Runx2, and Pyk2/Ptk2b.

Another 9 mRNAs, Cdh2, Gls, Tfam, Pak1, Limk1, Ccng1, Notch,
PTEN, Pak1/3, and Hes1 that are down-regulated by MiR23 have
been shown in mitral cells in mice at both PND4 and PND14. In
the initial Sick Kids statistical analysis of microarray data men-
tioned earlier, dorsal OB samples were compared to ventral OB mi-
tral cell samples. While comparative dorsal versus ventral results
were hard to interpret andwere not pursued in the present analysis,
the largest significant difference between the dorsal and ventral
LMD samples for the trained rat pups was the down-regulation of
Mir23b mRNA in the dorsal mitral cell LMD samples relative
to the ventral mitral cell LMD samples, consistent with the
between-group down-regulation of Mir23b reported here.

The functional effects predicted by down-regulation of
Mir23b that are related to increases in the translation of the nine
mRNAs confirmed in neonatal mouse mitral cells are illustrated
in Figure 3.

All 20 of the Mir23b-regulated plasticity mRNAs listed are ex-
pressed in the dorsolateral mitral cells of the adult mouse as seen in
sagittal sections in the Allen Mouse Brain Atlas (Lein et al. 2007)
and all were observed in the week-old rat pup microarray here,
but only the subset illustrated in Figure 3 was confirmed in neona-
tal mouse mitral cells (Allan Developing Mouse Brain Atlas). None
of the 20 Mir23b targets were transcriptionally altered.

The predicted increase in Cdh2 translation due to down-
regulated MiR23b is consistent with the cadherin-mediated model
of mammalian learning and memory proposed by Lisman
(Sanhueza and Lisman 2013). The Lisman cadherin model specifi-
cally relates to learning initiated by NMDA receptors and activated
CaMKII, which are both engaged in early odor preference learning
(Lethbridge et al. 2012; Modarresi et al. 2016).
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Figure 7. (A) Clic2 immunohistochemical staining in olfactory bulbs ip-
silateral to occluded and open nares 50 min following odor + stroking
training. (B) Glomerular layer ROD values for olfactory bulb quadrants re-
ceiving input from occluded and open nares. (C ) External plexiform ROD
values for olfactory bulb quadrants receiving input from occluded and
open nares. (D) Mitral cell layer ROD values for olfactory bulb quadrants
receiving input from occluded and open nares. Error bars represent
SEMs. * P<0.05, see results for exact values. A
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Figure 8. (A) Scrg1 immunohistochemical staining in olfactory bulbs ip-
silateral to occluded and open nares 50 min following odor + stroking
training. (B) Glomerular layer ROD values for olfactory bulb quadrants re-
ceiving input from occluded and open nares. (C) External plexiform ROD
values for olfactory bulb quadrants receiving input from occluded and
open nares. (D) Mitral cell layer ROD values for olfactory bulb quadrants
receiving input from occluded and open nares. Error bars represent SEMs.
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MicroRNAs have an unusual temporal profile with rapid pro-
duction associated with rapid turnover (Li et al. 2013). We are only
beginning to understand the temporospatial regulation of these
neuronal plasticity controllers (Kiltschewskij and Cairns 2019).
Mir23b down-regulationwith a single training trial may be tempo-
rally limited such that it effectively supports 24 h, but not 48 h,
memory. However, MiRs are also implicated inmultiday long-term
memories (Korneev et al. 2018). It will be of interest to examine
differences inmRNA expression in trained and nontrained cohorts
at 48 h.

The US for preference memory, a cAMP increase, may down-
regulate Mir23b through pCREB recruitment of AP1. AP1 is highly
expressed in the first three postnatal weeks (Pennypacker et al.
1995) and its activation suppresses Mir23b (Pellegrino et al.
2013). MiR23b can also be down-regulated by DNA methylation
(Majid et al. 2012; Kou et al. 2016) initiated by cAMP increases
(Fang et al. 2015).

The importance of noncoding proteins involved in splicing
variation also deserves highlighting as the observations here
with the two Semaphorin 4C isoform probes illustrates. It will be
important in future studies to specifically target the issue of
training-induced isoform change.

Of the nine protein-codingmRNAs up-regulated by early odor
preference acquisition during the first hour posttraining, four have
known functions: Sec23b, Rpp14, Clic2, and Mstn. Sec23b is in-
volved in membrane expansion and vesicular export. Consistent
with this role, in Drosophila the homolog of Sec23B is associated
with the elaboration of dendrites, but not axons (Ye et al. 2007).
An increase in cAMP would activate CREB3, which regulates tran-
scription of COPII components like Sec23b (Iyer et al. 2013).
CREB3 was expressed at high levels in the LMD samples (see
Supplemental Spreadsheet 1).

Rpp14 mRNA encodes a subunit of the multiprotein RNA
complex, Ribonuclease P. Rpp14 with the support of opa-interact-
ing protein 2, acts as an exonuclease removing the 3′ end of tRNAs
(Jiang and Altman 2002) to generate tRNA fragments. tRNA frag-
ments have been associated with synaptic vesicles and hypothe-
sized to promote local protein synthesis (Li et al. 2015). Rpp14 is
also a bicistronic mRNA. The second protein made, mitochondrial
3-hydroxyacyl thioester dehydratase, stimulates mitochondrial
fatty acid synthesis (Autio et al. 2008) and would support mito-
chondrial biogenesis (Fig. 4) to enhance energetic/metabolic sup-
port of learning circuitry.

Increases in Clic2 mRNA index a change in intracellular calci-
um regulation. Clic2 stabilizes the closed state of ryanodine recep-
tors (Meng et al. 2009), acting similarly on those receptors to the
exogenous agent FK506 (Brillantes et al. 1994) as mentioned.
FK506 increases the strength and duration of early odor preference
memory (Christie-Fougere et al. 2009) consistent with a role for
ryanodine receptors in early odor preference learning. Clic2 in-
creases would be predicted to support odor learning based on the
FK506 findings. The highest density of ryanodine receptors occurs
in the EPL of the OB (Padua et al. 1992). Ryanodine clustering pro-
moted by NMDAR-related calcium entry has been hypothesized to
support synaptic plasticity in the postnatal period (Lee et al. 2016).
β-receptor activation also acts to enhance calcium sparks triggered
from the ryanodine receptor in response to calcium entry through
single L+ voltage-gated calcium channels (Zhou et al. 2009) that,
themselves, have a pivotal role in early olfactory preference learn-
ing (Jerome et al. 2012).

Myostatin, best known for its role in regulating muscle
growth, appears here to have a role in modulating mitral cell cir-
cuitry to support odor preference learning. Earlier experiments
have demonstrated bulbar mitral cell increases in myostatin in
mouse odor aversion learning (Iwasaki et al. 2013). Extracellular
OB myostatin release also activates c-fos in granule cells (Iwasaki
et al. 2013). Increased activation at the mitral/granule cell synapse
is promoted by OB NE input in rat pups less than 14 d old and is
associated with long-term increases in OB gamma oscillations
(Pandipati and Schoppa 2012). The consistent participation of
specific mitral/granule cell circuitries in early odor learning is evi-
denced by increased stability of arc signatures in both cell types
in the dorsolateral OB after early odor preference training
(Shakhawat et al. 2014).

Myostatin gene expression is up-regulated by CREB activation
(Zuloaga et al. 2013), the initiator of early odor preference learning.
Some studies suggest myostatin might decrease synaptic strength
(Augustin et al. 2017). It is likely that both increased and decreased
synaptic changes occur with learning to reflect new input control
of behavior and to maintain synaptic homeostasis, respectively.
Its mechanistic role here will be of interest.

The remaining proteins-encoding mRNAs have not been
characterized functionally, five were up-regulated: Fam229b had
the largest fold change with training; RGD1566265 is located on
the X chromosome;Mgst2 catalyzes production of the C4 leukotri-
ene (Ahmad et al. 2015); Magee2 and Dcbld1 may both be predict-
ed to have roles in new neuronal connections, but definitive
studies are not available. The down-regulated protein Gng12, the
G protein gamma subunit12, is associated with filamentous
actin and observed in both glia and postsynaptic neuronal
compartments. The other down-regulated protein, Srcg1, is a
scrapie-related protein targeted to neuronal dense-core vesicles
and associated with autophagy in injury models.

Taken together the mRNA changes with known functions
suggest that 24 h memory is supported primarily by increased
translation, possibly local, of proteins that alter the strength of
functional communication for the glutamatergic olfactory nerve
input to mitral cells and the glutamatergic mitral cell output to
granule cells. Congruent with these dynamic functional changes
are changes in structural adhesion and the extent of the synaptic
membrane. Mitochondrial resources are also promoted in mitral
cells mediating 24 h memory.

Structural and energetic changes are also supported by protein
transcription changes and would be likely to be more enduring
than the functional changes engaged by translation-dependent ef-
fects. Neuroarchitectural changes would provide a substrate for the
construction of longer-term dynamic memory support with re-
peated spaced training. A distinction between transient functional
changes and more enduring structural changes with LTP has
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Figure 9. (A) Sec23b immunohistochemical staining in olfactory bulbs
ipsilateral to occluded and open nares 50 min following odor + stroking
training. (B1) Mitral cell layer ROD values for olfactory bulb quadrants re-
ceiving input from occluded and open nares. (B2) Dorsomedial mitral cell
differences observed in the caudal samples for Sec23b. Error bars represent
SEMs. * P<0.05, see results for exact values.

Mitral cell mRNA for rat pup 24-h odor preference

www.learnmem.org 216 Learning & Memory

http://www.learnmem.org/lookup/suppl/doi:10.1101/lm.051177.119/-/DC1


recently been proposed in another model plasticity system
(Wiegert et al. 2018).

The week-old rat pup OB offers a highly tractable model for il-
luminating the biology of mammalian learning and memory.
Critical issues in memory support including local translation
(Rangaraju et al. 2017) and temporal dynamics (Kukushkin and
Carew 2017) will lend themselves to study in this model.
Multiple other control conditions will be of interest. Herewe chose
“odor only” pups as controls since neither odor only or stroking
only produces pCREB increases in mitral cells (McLean et al.
1999), but the novel peppermint odor would have activated the
mitral cells being dissected. Naive pups, pups with stroking only,
pups that were subject to training procedures, but did not show
behavioral evidence of having learned, and pups given a single
odor+ stroking trial and a pharmacological manipulation to in-
duce multiple-day memory (Bhattacharya et al. 2017) as well as
those given training parameters that engage only short-term or
intermediate-termmemory, which don’t depend on transcription,
(Grimes et al. 2011) will be important comparisons for a fuller un-
derstanding the roles of the changes described here.

The novel findings of the present microarray evaluation of
learning versus nonlearning pups can readily be probed using in
situ and IHCmethods to visualize the predictedmRNA and protein
changes at varying time points and locations. Bulbar pharmacolog-
ical as well as oligosense and antisense nucleotide manipulations
will permit assessment of the causal roles of identified proteins
and mRNAs. Kandel’s cAMP/PKA/CREB memory model also pre-
dicts CPEB up-regulationwhen longer-termmemories are initiated
(Kandel 2012). That can be tested in future studies.

Materials and Methods

Animals
Postnatal day (PND) six Sprague Dawley (SD) rats were used for the
study, with the day of birth considered PND0. The study was ap-
proved by the Institutional Animal Care Committee of Memorial
University of Newfoundland. The litters were culled on PND1 to
a maximum of 12 pups per litter, with no more than one male
and one female pup per litter for each condition (odor only and
odor+ stroking) used for the study. The rats were on a reverse
light–dark cycle (12 h each, lights off at 12 noon) and had access
to food andwater ad libitum. Twelve rat pupswere used to generate
the results presented.

Behavior: training and testing
OnPND6, the dam and litter were brought to the behavior room in
their home cage. Pups were labeled and then placed back into the
home cage 10 min before the training started.

Peppermint scented bedding was prepared in a fume hood by
mixing 0.3mL of peppermint extractwith 500mLof fresh bedding
and each pupwas trained over peppermint odor as described previ-
ously (McLean et al. 1993). Briefly, odor conditioned pups were
stroked with a soft brush vigorously on the rump for 30 sec every
other 30 sec for 10 min. The odor only nonlearning control pups
were placed on scented bedding for 10 min with no stroking.
After the 10 min odor exposure period, pups were returned to the
home cage with the dam and other littermates.

Pups were tested by a two-choice odor discrimination test
30 min after the training session in a manner described previously
(McLean et al. 1993). Peppermint-scented bedding was prepared as
outlined previously and poured into a tray (18 cm×18 cm); anoth-
er tray of the same size was filled with 500 mL of fresh bedding. A
stainless steel testing box with a 1 cm2 wire mesh bottom was
placed on the two trays and the trays were positioned 2 cm apart
(neutral zone). A fine polypropylene mesh (1 mm2 spacing) was
placed in the testing box over the wire mesh to allow easy move-
ment of the pups. The testing box and the polypropylene mesh

were cleaned with 70% ethanol and allowed to dry prior to use
and after testing each pup.

The odor preference test consisted of five 1 min trials. During
the testing, the pup was placed in the neutral zone and the timer
was started when the pup’s head and one paw crossed to either
the control or peppermint area. At the end of the minute, the
pup was removed from the testing box and given a 1 min rest.
The peppermint-bedding tray was closed and the times the pup
spent in each area were recorded. On the succeeding trial the pup
was placed in the opposite direction (in the neutral zone). The per-
centage time over peppermint for each pup was calculated by di-
viding the time spent in the peppermint area over the total
activity time (total time spent in both the peppermint and control
area). This provided results that normalized litter or individual pup
effects so that the level of pup activity did not factor into the calcu-
lations. The results of the trials were analyzed using unpaired
t-tests.

Decapitation and cryostat sectioning for RNA experiments
Ten minutes after the 10 min test session, pups were decapitated
from each litter in the odor/stroke learning group (>50% over pep-
permint = learning) and the odor nonlearning group (<30% of test
time spent over peppermint). The brains were removed from the
skull within 2 min, embedded in freezing medium (OCT
Tissue-Tek), then flash frozen with 2-methyl-butane slurry for
40 sec and stored at −80°C. Thus, brains from the 30 min testing
group were frozen by 52 min posttraining. All instruments for
decapitation and the working area were cleaned with RNase Away
(Molecular BioProducts), to prevent contamination of the brain tis-
sue by RNases and DNA from the instruments and working area.

Brainswere held at−20°C for 24 h prior to cryostat sectioning.
The cryostat (Thermo Scientific, Microm HM 550), brushes and
chucks used for sectioning were all cleaned with RNase Away; the
brains were allowed to acclimatize to the −12°C cryostat tempera-
ture for 30 min. Empirical preliminary studies were performed to
determine conditions of sacrifice (fixed or unfixed, freezing condi-
tions) and sectioning (temperature, section thickness). Brains were
sectioned at 30 µm thickness. The duration of sectioning was lim-
ited to 1 h to preserve RNA integrity. The OB sections were put on
nuclease- and human nucleic-acid free PEN (polyethylene naph-
thalate) membrane slides (Leica).

Quick thionin staining and laser microdissection (LMD)
After cryostat sectioning, the slides were held at 4°C for 10 min be-
fore thionin staining. The staining was a quick procedure as
suggested by Leica for RNA work with a few modifications. A solu-
tion containing 0.5% thionin dissolved in RNase free water was ap-
plied and the slides were incubated for 15 sec. Slides were rinsed
twice in RNase free water for 15 sec each, once in 70% ethanol
for 1 min and once in 90% and 100% ethanol, respectively, for
30 sec each. Slides were then air dried for 10 min at 40°C (on the
slide warmer) for 10 min then taken immediately to the LMD mi-
croscope (Leica, AS) for cutting of the MCL. All the solutions were
prepared with RNase and DNase free water (Life Technologies) and
stored in RNase free glass bottles.

The dorsolateral quadrant of the MCL of pups, one from the
learning group (odor + stroking) and one from the control group
(odor only) from the same litter, were isolated using the LMD mi-
croscope (see Fig. 1).

The dorsolateral quadrant was used because this region was
shown previously to contain increased pCREB levels when pups
were conditioned to peppermint odor on PND6 (McLean et al.
1999). Phosphorylated CREB is critical in odor preference learning
(Yuan et al. 2003). The samples were collected by gravity into
0.5 mL VWR microcentrifuge tubes, certified RNase and DNase
free. Each of the tubes contained 65 µL of buffer RLT (RNA stabiliz-
ing solution and lysis buffer; Qiagen). The total time for LMD was
limited to 1 h for each slide. This is because we found longer cut-
ting times resulted in crystallizing of the buffer RLT and RNA of
poor quality. Samples were obtained from 20 cryostat sections
from both bulbs and included rostral to caudal levels of the bulb,
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except for the most rostral area, which had poorly defined MCL.
The microdissected tissue samples suspended in buffer RLT were
stored at −80°C until further isolation of RNA.

Tissue disruption, homogenization, RNA extraction
The LMD samples in RLT buffer were homogenized by vortexing
for 30 sec. The whole OB was homogenized using procedures de-
scribed in the RNeasy Micro handbook. RNA was then extracted
from the microdissected samples using the RNeasy Micro Kit
from Qiagen.

Bioanalyzer analysis
The concentration of RNA extracted from the LMD samples was
very low so a bioanalyzer system (Agilent, 2100 Bioanalyzer) was
used to evaluate both quantity and quality. The integrity involves
the measurement of the ribosomal RNA ratio (the ratio of 28S:18S
rRNA) and the relative integrity number (RIN). The RIN has a nu-
meric scale of one to ten with one being RNA of very poor quality
and ten being RNA of the highest quality (Agilent, Bioanalyzer
2100 Expert User’s Guide, available online). The Agilent RNA
6000 Pico kit was used and the procedures outlined by the manu-
facturer were followed.

Microarray and analysis
The microarray analysis of the LMD samples was performed at the
microarray facility in the Centre for Applied Genomics, Hospital
for Sick Children (Sick Kids) in Toronto, Ontario, Canada. The
RNA samples were preamplified with the WT-Ovation One-Direct
System (NuGEN Technologies, Inc.) at the microarray facility.
Amplification was required because microdissected samples do
not have enough RNA for direct microarray. The Rat Gene 1.0 ST
Array chip was used to analyze 27,342 genes. 500 picograms (pg)
of RNA from each of the samples were used to produce cDNA,
which was amplified and 5.5 micrograms (µg) of the cDNA was
used for the microarray analysis. A gene differential analysis of
the microarray data was first done by the Statistical Analysis Core
Facility of the Center for Applied Genomics, Hospital for Sick
Children Research Institute, Toronto, but for purposes of the pre-
sent study, we carried out our own gene differential analysis as de-
scribed in the Bioinformatics Analysis section below. The
following groups were analyzed; the first group (odor + stroking)
was treated as the case (experimental) group and the second group
(odor only) as the control group.

Immunohistochemistry experiments

Naris occlusion
This study used a within-subject design using naris occlusion. This
method involves plugging one naris during training so it will not
receive the odor presentation. This will result in no odor reaching
the OB ipsilateral to occlusion so odor-related learning would not
be expected in that bulb compared to the nonoccluded side.
Earlier work demonstrated no difference in lateralized odor prefer-
ence learning at 6 d as a function of either left or right nares occlu-
sion (Kucharski et al. 1986). For convenience, left nares were used
in the IHC experiments. Six pups were used for IHC.

Nose plugs were made out of polyethylene-20 (PE-20) tubing.
Silk surgical suture thread (size 5-0) was threaded through the tub-
ing. A piece of human hair was tied around the thread and the
thread was knotted around the hair. The knot was pulled into
the lumen of the tubing and the ends were trimmed until only
about 1 cm of one piece of hair was extended from the tubing.
The other end was beveled off for ease of insertion (Cummings
et al. 1997).

Prior to training on PND6, each pup was removed the home
cage and a small dab of sterile 2% xylocaine gel was placed on its
left naris and on the beveled end of the nose plug. The
pups were then given one minute of rest before the plugs were in-
serted gently. The plugs were removed immediately following

training. In each litter, one male and one female received training
(odor + stroke, O/S)

Ten minutes prior to training, pups were removed from their
home cages and placed in a weigh boat for habituation purposes
and they received left naris occlusion. The pups were brought to
a separate room where they were placed in a small polycarbonate
cage containing peppermint-scented bedding (0.3 µL peppermint
in 500 ml bedding). The O/S group received stroking with a paint-
brush every alternate 30 sec for the 10min period. During stroking,
the pup had to be consistently moving and they were stroked on
their back, stomach, and head. The stroking was slightly rough
to insure that it was similar to the actions of the dam. After the
training period, the nose plugs were removed and the pups were re-
turned to their home cage.

Immunohistochemistry
The pups were perfused 50 min following training, in order to
duplicate the time period of themicroarray analysis. The perfusion
procedure was as previously reported by this laboratory (McLean
et al. 1999). Brain sliceswere cut coronally at 30 µmusing a cryostat
set at −12°C. The brains were transferred to a stage and covered in
Tissue Tek. The entire OBwas cut from the rostral end to the caudal
end, until the cerebral cortex was reached. Following cutting, the
slicesmountedonmicroscope slideswere left in 4°C for 10min, fol-
lowed by room temperature for 10 min. Damage seen in the sec-
tions is related to their fragility during the cutting and mounting
process and does not reflect premortem injury. The slides were in-
cubated in the primary antibody overnight on a shaker at 4°C.
The antibodies used were Dcbld1 (1:1500-1:750, Santa Cruz Bio-
technology), Clic2 (1:200, Santa Cruz Biotechnology), Sema4c
(1:1000-1:500, Aviva Systems Biology), Magee2 (1:500-1:300,
Aviva Systems Biology), Scrg1 (1:500, Aviva Systems Biology), and
Sec23b (1:1000, Aviva Systems Biology). The following day the
slides were washed using PBS and incubated in a biotinylated sec-
ondary antibody to rabbit immunoglobulins (IgG) (Dcbld1,
Sema4c, Magee2, Scrg1, and Sec23b) or to goat IgGs (Clic2). The
slides were then washed with PBS again and incubated for 1 h in
an avidin-biotin-horseradish peroxidase complex (Vectastain ABC
kit,VectorLaboratories). Incontrol experiments, antibodywasomit-
ted and other steps remained the same. Immunoreactivity was
visualizedwith 0.05% diaminobenzidine in 0.1Mphosphate buffer
and 0.01% hydrogen peroxide. Slides were left to dry overnight.
The following day they were briefly rehydrated followed by a series
of graded alcohols, xylene, and Permount for coverslipping.

Levels of proteins were quantified using relative optical densi-
ties (ROD) of region of interest (ROI). The slide images were ac-
quired at 4× objective and even illumination was obtained using
Leica camera software. The optical densities (OD)were obtained us-
ing Image J software using a 0–255 scale where 0 is black and 255 is
white. The ROD of theMCL (and surrounding layers) in the several
regions and levels of each bulbwere calculated according to the for-
mula ROD= (OD of background−OD of ROI)/OD of background.
All sections were analyzed in terms of the glomeruli, EPL, and
MCL, except Sec23b which was only analyzed in terms of the
MCL, as they were the only cells labeled.

Images were captured using a Leica microscope and Leica dig-
ital software and analyzed using ImageJ software. The person ana-
lyzing the sections was blind to the treatment side. Every optical
density value was calculated by averaging 5 OD values taken
from the same area. The background used was usually granule
cell or internal plexiform layer containing no visible label. For cer-
tain antibodies (cell labeling in the granule cell layer), the olfactory
nerve layer or the ependymal zone was used to calculate the OD of
the background. The bulb was divided in thirds, providing ∼1 mm
rostral, middle, and caudal regions of the OB for analysis. Each sec-
tion was analyzed separately and as averages (e.g., dorsomedial re-
gion average would include rostral, middle, and caudal RODs).

Immunohistochemical statistical analysis
All statistical analyses of ROD results were performed by the SPSS.
ANOVAs focused on the Hemisphere and Hemisphere ×Quadrant
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conditions that would reflect open and occluded nares differences.
When significant ANOVA values were obtained, paired sample
t-tests were performed on the intra-animal ROD values (occluded
versus open naris) for post-hoc analyses.

Bioinformatics analysis
Expression data from Affymetrix Rat gene 1.0 ST arrays was read
into the R environment using the platform design information
available in the Bioconductor R package pd.ragene.1.0.st.v1 (ver-
sion 3.8) and preprocessed using the Robust Multichip Average
(RMA) methodology (Irizarry et al. 2003) available in the oligo
Bioconductor R package (Carvalho and Irizarry 2010). Probes
were mapped to genes using the annotation available from
Ensembl BioMart (Kinsella et al. 2011) (release 82) corresponding
to the Rat genome assembly 6.0 (GCA_000001895.4). If several
probes mapped to a single gene, the expression value for that
genewas the average expression of the corresponding probes. In to-
tal, for this analysis, expression measurements were calculated for
19,535 Rat genes.

Differentially expressed genes were identified using the local-
pooled error (LPE) method (Jain et al. 2003; Park et al. 2007) and
P-values were corrected for multiple testing using the Benjamini–
Hochberg false discovery rate (FDR) method. The LPE method
was designed to effectively identify significantly differentially ex-
pressed genes with a small number of replicates (Jain et al. 2003).
Genes with an absolute log2 ratio of at least 1.5 and a
FDR-corrected P-value of less than 0.05 were deemed to have a stat-
istically significant differentially expression between the two con-
ditions. Using these criteria 24 genes (including protein-coding
and nonprotein-coding genes) were found to be differentially ex-
pressed. As there has been controversy regarding the fitness of
the LPE method being discussed as having reduced power in com-
parison with other statistical tests of differential expression (Murie
et al. 2009), we also carried out the differentially expressed analysis
using the Limma method (Smyth 2004) available in the
Bioconductor R package Limma. Using Limma t-statistics, no stat-
istically significant differentially expressed gene was found; how-
ever, there was a significant Spearman correlation of 0.84
between the fold changes calculated by both approaches.

Gene-set enrichment analysis was performed using the
GAGE method (Luo et al. 2009) with the Phenotype, Gene
Ontology (Ashburner et al. 2000), and REACTOME (Fabregat
et al. 2016) rat gene annotations available in Ensembl Biomart.
GAGE was executed with the parameters same.dir set to True
and compare set to unpaired. Genes annotated in three GO terms
were found to have a concerted expression change in the same di-
rection with a FDR-corrected P-value of less than 0.01. These
three GO terms were “detection of chemical stimulus involved
in sensory perception of smell” (GO:0050911), “olfactory recep-
tor activity” (GO:0004984), and “G-protein coupled receptor ac-
tivity” (GO:0004930).
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