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Visualizing the Engram: Learning Stabilizes Odor
Representations in the Olfactory Network
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The nature of memory is a central issue in neuroscience. How does our representation of the world change with learning and experience?
Here we use the transcription of Arc mRNA, which permits probing the neural representations of temporally separated events, to address
this in a well characterized odor learning model. Rat pups readily associate odor with maternal care. In pups, the lateralized olfactory
networks are independent, permitting separate training and within-subject control. We use multiday training to create an enduring
memory of peppermint odor. Training stabilized rewarded, but not nonrewarded, odor representations in both mitral cells and associ-
ated granule cells of the olfactory bulb and in the pyramidal cells of the anterior piriform cortex. An enlarged core of stable, likely highly
active neurons represent rewarded odor at both stages of the olfactory network.

Odor representations in anterior piriform cortex were sparser than typical in adult rat and did not enlarge with learning. This sparser
representation of odor is congruent with the maturation of lateral olfactory tract input in rat pups. Cortical representations elsewhere
have been shown to be highly variable in electrophysiological experiments, suggesting brains operate normally using dynamic and
network-modulated representations. The olfactory cortical representations here are consistent with the generalized associative model of
sparse variable cortical representation, as normal responses to repeated odors were highly variable (~70% of the cells change as indexed
by Arc). Learning and memory modified rewarded odor ensembles to increase stability in a core representational component.
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Introduction

The rat pup odor preference learning model is highly attractive as
a tractable model of mammalian associative learning. The rodent
pup readily acquires preferences for odors paired with maternal
care signals to support maternal recognition (Logan et al., 2012).
The conditioned stimulus in this associative model is typically a
novel odor, whereas the unconditioned stimulus is provided by
norepinephrine (NE) release from the locus ceruleus acting
through an ensemble of noradrenergic receptors, the best studied
of which is the B-adrenoceptor (Yuan et al., 2014). This NE re-
lease can be induced by tactile stimulation with a brush to mimic
maternal care (Rangel and Leon, 1995). A single trial in which
pups on peppermint-scented bedding are stimulated creates a
preference for peppermint lasting 24 h, whereas multiple trials
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spaced over days creates more enduring memories (Fontaine et
al., 2013).

Cellular events critical for learning have been identified in
both the olfactory bulb (OB) and anterior piriform cortex (aPC).
Mechanisms for learning include activation of NMDA receptors
(NMDARSs; Lethbridge et al., 2012; Morrison et al., 2013), L-type
calcium channels (Jerome et al., 2012), metabotropic glutamater-
gicreceptors (Rumsey et al., 2001), adrenergic receptors (Sullivan
etal., 2000; Harley et al., 2006; Shakhawat et al., 2012; Morrison et
al., 2013), and disinhibition (Lethbridge et al., 2012). Intracel-
lular changes critical for learning in the OB include a tempo-
rally specific cAAMP transient (Cui et al., 2007), activation of
protein kinase A (Grimes et al., 2012), phosphorylation of
CREB (McLean et al., 1999), and an insertion of AMPA recep-
tors (AMPARs; Cui et al., 2011).

Changes that relate to long-term memory expression are
fewer in number. Visualization methods have shown an increase
in intrinsic optical signaling (Yuan et al., 2002), an increase in
AMPARs at the glomerular level (Cuietal., 2011), and an increase in
network strength in the aPC (Fontaine et al., 2013). Electrophysio-
logical methods have shown potentiation of the olfactory nerve to
mitral cell synapse in the OB (Yuan and Harley, 2012) and of the
lateral olfactory tract mitral cell output to an aPC pyramidal cell
synapse (Fontaine et al., 2013; Morrison et al., 2013).

Maintained increases in AMPAR strength, which have been
hard to demonstrate with memory in other systems, have been
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clearly seen in this model (Fontaine et al., 2013). The commis-
sural connections are not mature in the 1-week-old rat pup, and
thus odor input is lateralized both in the OB and piriform cortex
(Kucharski et al., 1986; Kucharski and Hall, 1987; Fontaine et al.,
2013). Taking advantage of this within-animal control, AMPAR
changes congruent with memory duration were readily revealed
(Fontaine et al., 2013).

In the present study, cellular compartment analysis of tempo-
ral activity by fluorescence in situ hybridization (catFISH) of Arc
mRNA was used to identify odor ensemble representations in the
OB and aPC of rat pups that had undergone odor preference
training with one naris occluded. The outcomes support current
views of cortical representations in mammalian brain and suggest
stability of cell participation in representations is the signature
feature of learning and memory.

Materials and Methods

Animals. All experiments with animals were approved by the Animal
Care Committee of Memorial University of Newfoundland in compli-
ance with the guidelines of the Canadian Council on Animal Care.
Sprague Dawley rat pups of both sexes were used in this study. Dams with
pups were housed in a vivarium that was temperature controlled and on
a 12 h light/dark cycle. The date of birth for the pups was designated
postnatal day 0 (PO).

Early odor preference training. The early odor preference training pro-
tocol with single naris occlusion has been established previously (Yuan
and Harley, 2012; Fontaine et al., 2013). Rat pups were assigned to one of
two conditions: odor paired with stroking (O/S *) or odor only (0/S 7).
Four-day behavioral training was performed from P3 to P6. During
training, all pups received left naris occlusion for each session. Nose plugs
were constructed from polyethelyne-20 tubing (Yuan and Harley, 2012;
Fontaine et al., 2013). Pups were given a sterile 2% xylocaine gel appli-
cation on the left naris 5 min before plug insertion. Pups were left to rest
for 5 min before subsequently being given either O/S * or O/S ~ training.
During training, pups were placed on peppermint-scented bedding (0.3
ml of peppermint for 500 ml volume of bedding). Pups in the O/S™
group were simultaneously stroked with a paint brush (30 s stroking
interleaved with 30 s rest) for 10 min. Pups in the O/S ~ were placed on
peppermint bedding for 10 min without being stroked. Nose plugs were
removed immediately after the training, and pups were returned to the
dams.

Tissue collection. On P7, pups were placed into covered plastic jars with
charcoal-filtered clean air flow for 1.5 h before being given two 5 min
odor deliveries separated by 20 min: either 2X peppermint or pepper-
mint followed by vanillin or 2X vanillin (Fig. 1A). For odor delivery,
pups were moved to an adjacent covered jar with peppermint or vanillin
bedding at the bottom (0.3 ml of odor extract mixed with 500 ml of
normal bedding) and then switched back to the clean-air jar in the 20 min
interval. A naive group was used initially to test odor input specificity.
Pups in this group were exposed to two different odors without prior train-
ing. For this latter experiment (Fig. 1), 1% peppermint or vanillin odor
diluted in mineral oil was delivered through the air-delivery system (Knosys
olfactometer) for the 5 min odor periods (Shakhawat et al., 2014).

After the second odor exposure, rats were decapitated, and their brains
were flash-frozen in 2-methyl-butane immersed in an ethanol/dry ice
slurry. Brains were preserved in a —80°C freezer until being sectioned at
20 wm in a cryostat set at —20°C. Sections of right hemispheres of the
animals in the input specificity study and both hemispheres of pups from
all other groups were mounted onto 2% 3-aminopropyltriethoxysilane-
treated slides (Snowcoat; Leica) using OCT compound (Tissue-Tek;
Sakura Fintek USA). Each block usually contained four to six brains from
a particular experiment so that these brains were processed together. Five
to six slides taken evenly through the rostral to caudal range of the OB
and the aPC were used for fluorescent in situ hybridization and stored at
—20°C.

Fluorescence in situ hybridization. The fluorescence in situ hybridiza-
tion protocol used was established previously (Guzowski and Worley,
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Figure1.  ArcmRNA visualization reveals odor input-specific activation of mitral cell ensem-
blesin the 0B. A, Schematic of tissue collection protocols in naive and trained rat pups (top) and
example images for Arc * cells (bottom). Blue indicates nuclei staining by DAPI. Red indicates
Arcstaining. White arrows indicate Arc staining in nuclei. Yellow arrows indicate Arc cytoplasm
staining. Scale bar, 10 wm. B1, Example image of Arc expression in the OB of a naive rats
exposed to 2X peppermint. GL, Glomerular layer; MCL, mitral cell layer; GCL, granule cell layer.
Scale bar, 500 m. B2, Example images of dorsolateral OB Arc expression in a naive rat pup to
two odor episodes. White arrows indicate Arc* double cells in the MCL. Scale bars, 20 um. B3,
OLRs of the cell ensembles of the two odor episodes. **p << 0.01, PP, Peppermint; VA, vanillin.

2001; Shakhawat et al., 2014). Briefly, Arc full-length DNA plasmid was
digested using EcoRI (Invitrogen) and run against a DNA ladder to con-
firm yield and base pair accuracy (~2.5 kb). Digoxegenin-labeled ribo-
probes were synthesized from the digested DNA template using a
Maxiscript transcription kit (Ambion). Arc antisense riboprobe yields
were confirmed using 1% agarose gel electrophoresis. Slides were
brought to room temperature, fixed with 4% paraformaldehyde, bathed
with acetic anhydride and methanol/acetone (Thermo Fisher Scientific),
and treated with prehybridization buffer followed by hybridization buf-
fer (Sigma-Aldrich) and Arc riboprobe. Hybridization occurred over-
nightina 56°C oven. The next day, after a series of sodium citrate washes,
any remaining single-stranded RNA was cleaved using Rnase A (Sigma-
Aldrich) at 37°C. Endogenous peroxidases were quenched with H,0,,
and slides were blocked with 5% sheep serum (Sigma-Aldrich) and in-
cubated with anti-digoxegenin—horseradish peroxidase (Roche) for 2 h.
After a series of Tris-buffered saline washes, the Cy3 fluorescent marker
(PerkinElmer) was applied to visualize Arc mRNA, and nuclei were
counterstained with 4’-6-diamidino-2-phenylindole (DAPI; 1:2000;
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Sigma-Aldrich). Finally, slides were covered
with Vectashield antifade medium (Vector
Laboratories) and sealed with clear nail polish.
Slides were kept at 4°C before confocal micros-
copy scanning.

Confocal image acquisition. Using an FV1000
confocal microscope (Olympus), optical z-sections
were taken from both the OB and the aPC. Im-
ages of mitral cell layers were taken at 40X with
two standardized areas (~0.06 mm? each) in
the dorsolateral quadrant and two areas in the
ventromedial quadrant of the OB (Fig. 2A).
Images of pyramidal cell layers (II/III) of the
aPC were taken at 20X. Two standardized-
sized areas (~0.3 mm? each; one in lateral and
one in medial aPC; Fig. 4A) were scanned. The
z-stacks (1.0 wm thickness) throughout each
section (20 wm) of the OB and the aPC were
acquired from three to four slides spread
evenly over the rostral to caudal range. Photo-
multiplier tube assignments, confocal aperture
size, and contrast remained constant for each
slide. The average counts of the two areas were
used for final counts for the dorsolateral and
ventromedial OB and for the aPC.

Image analysis. Off-line image analysis was
performed using Image] software. The total
numbers of DAPI cells were assessed using the
ImageJ automatic cell-counting application for
the aPC and the manual counting option for
the OB. Foci, cytoplasmic, and double labeling
of Arc-positive (Arc ) cells were counted man-
ually. Labeling of cells as foci, cytoplasmic, and
double was achieved by checking multiple optical
sections (20% midrange of the z-stack) that com-
prised each individual cell (Miyashita et al,
2009). Counting was performed by an individual
blind to all experimental training conditions.

Statistics. OriginPro 9.0 software was used to
analyze all data sets. Data were reported as the
mean * SEM. Two-sample paired ¢ tests were
used for statistical comparisons for all experi-
ments except for the input specificity experi-
ment in Figure 1 and the comparison of
occluded hemispheres across groups, in which
the two-sample unpaired ¢ test was used. Dif-
ferences between groups were considered sig-
nificant when p values were <0.05.

Results

The immediate-early gene Arc has been
established as a marker to index plasticity-
related neuronal activation in multiple
brain areas, including the olfactory cortex
(Guzowski et al., 2005; Shakhawat et al.,
2014). Although previous research using
Northern blots suggested Arc was not ex-
pressed early in development in the fore-
brain (Lyford et al., 1995), the more
sensitive in situ hybridization technique
readily reveals the presence of Arc mRNA

in our study. Arc transcription first appears in the neuronal nu-
cleus within 5 min of neuronal activity. Thirty minutes later,
initial Arc¢ mRNA has trans-located to the cytoplasm, and a sec-
ond event can initiate new transcription of nuclear Arc (Gu-
zowski et al., 2005). Therefore, Arc permits discrimination of two
separate odor events through analysis of compartmentalized expres-
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Early odor preference learning stabilizes the mitral cell ensemble to the conditioned odor in the OB. 4, Schematic of 0B
anatomy and Arc sampling regions (red rectangles). D, Dorsal; V, ventral; L, lateral; M, medial; ON, olfactory nerve; GL, glomerular
layer; MCL, mitral cell layer; GCL, granule cell layer. B1-B3,0/S ™ training leads to increased overlap of mitral cell ensembles in the
dorsolateral olfactory bulb responding to 2X peppermint exposures. B1, Example images of the mitral cell layer in the occluded
and spared olfactory bulbs from the same animal. B2, OLR of mitral cell ensembles responding to 2X peppermint exposures. B3,
Percentage of Arc  cells over the total population indexed by DAPI staining. (7-€3, 0/S ~ training does not change the OLR of mitral cell

training leads to increased overlap of mitral

cellensembles in the ventromedial OB responding to 23X peppermint exposures. ET—E3,0/S — training does not change the OLR of mitral
cellensemblesin the ventromedial OB responding to 2 X peppermint exposures. F1-F3,0/S ™ training with peppermint does not change
the OLR of mitral cell ensembles in the dorsolateral OB responding to 2 X vanillin exposures. MC, Mitral cell; DL, dorsolateral; VM, ventrao-
medial; PP, peppermint; VA, vanillin. Arrows indicate double-stained Arc * cells. Scale bars, 20 um. *p << 0.05; **p << 0.01.

sion (Fig. 1A). In the present experiments, we were also able to use

Arc to examine granule cells, although it is not normally often ex-
pressed in inhibitory interneurons (Vazdarjanova et al., 2006; Mc-
Curry et al., 2010) and did not occur here in the juxtaglomerular
neurons.

Two sets of experiments were included in this study. First,
naive rat pups were used to test whether Arc can serve as an
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input-specific activity marker in the OB. Second, rat pups under-
went either odor paired with stroking (O/S ™) or odor-only (O/S ™)
training and were given 2X peppermint or vanillin before brain
extractions (Fig. 1A).

Odor input specificity in the OB indexed by Arc mRNA

To test the odor input specificity of Arc activation, naive pups
were exposed to two 5 min episodes of odor: either peppermint
on both occasions separated by a 25 min interval (Fig. 14, top,
PP-PP) or peppermint followed by vanillin 25 min later (Fig. 1A,
top, PP-VA). Animals were killed immediately after the second
episode and processed for Arc catFISH. Cells that expressed Arcin
the cytoplasm only were active during the first odor episode (pep-
permint) whereas cells that expressed Arc only in the nuclei were
active during the second odor episode (peppermint or vanillin),
and cells expressing Arc in both the nuclei and cytoplasm were
activated by both odor episodes (see example cells in Fig. 1A,
bottom).

Peppermint activated both mitral cells and granule cells in the
OB, especially the dorsolateral and ventromedial regions that
were previously shown as “hot spots” for peppermint (Johnson
and Leon, 1996; Fig. 1BI). Arc™ cells in the mitral cell layer were
counted in the dorsolateral region of the OB. On average, novel
peppermint activated ~7.5% of the cells in the mitral cell layer of
the dorsolateral OB, whereas novel vanillin activated ~6.4%
of the cells in the same region. Comparing the overlap ratio
(OLR; the proportion of cells with double staining relative to the
total number of Arc™ cells) of the cell ensembles activated by two
odor events, we demonstrated that repeated peppermint expo-
sure was associated with significantly greater overlap (32.43 =
1.64%, n = 4) than peppermint followed by vanillin exposure
(18.73 £ 2.79%, n = 4, t = 4.23, p = 0.006; Fig. 1B2,B3). This
experiment suggests that Arc mRNA can be used as a marker for
input-specific representations of odors in the OB. The same odor
is more likely to initiate Arc transcription twice in the same cells.

Odor preference training leads to more stable odor
representation in the mitral cell layer of the OB

We next trained rat pups in a multiday (P3-P6) peppermint
O/S™ conditioning with a single naris occluded. The ensembles
of neurons responding to peppermint in the OB after training
were assessed by Arc mRNA expressions induced by two pepper-
mint episodes (Figs. 1A, 2, PP-PP). The trained OB was com-
pared with the occluded side to achieve an intra-animal control.
We have shown that single naris occlusion during multiday
training leads to lateralized learning and synaptic changes that
are confined to the spared olfactory hemisphere (Yuan and
Harley, 2012; Fontaine et al., 2013). O/S™~ pups were used as
controls to test for any nonspecific effects of repeated odor
exposure training.

In the dorsolateral region, the OLR of mitral cell ensembles in
the spared OB in the O/S " rats was significantly greater (49.01 =
0.79%) than in the occluded bulb (24.56 * 1.48%, n = 4, t =
24.84,p = 1.43E 4 Fig. 2BI1,B2). After associative learning, mi-
tral cells are activated more reliably by peppermint odor, and the
same cell is likely to respond to both episodes of peppermint.
Interestingly, the total number of Arc™ cells activated by two odor
events did not change in the spared bulb (11.58 = 1.39%) com-
pared with the occluded one (12.05 * 1.72%, n = 4, t = 0.276,
p = 0.80; Fig. 2B3). However, double-stained Arc™ cells were
significantly increased after O/S " learning (5.67 = 0.69% in the
spared bulb vs 3.01 = 0.57% in the occluded bulb; n = 4, t = 4.29,
p = 0.02; Fig. 2B3). The percentage of single-stained Arc™ cells
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responding to either episode of peppermint showed a trend to-
ward decreasing in the spared OB but did not reach statistical
significance (5.91 * 0.72% in the spared bulb vs 9.04 * 1.19% in
the occluded bulb; n = 4, t = 2.75, p = 0.07). The increase in
double cells that are likely strongly activated by peppermint sug-
gests odor preference learning in rat pups results in the potenti-
ation of previously weakly activated cells.

The OLR for O/S™ rats was not different between the two
bulbs (spared, 33.65 * 0.93%; occluded, 34.22 = 2.42%; n = 3,
t = 0.17, p = 0.88; Fig. 2CI1,C2), suggesting no effect of odor
exposure itself on initial odor ensemble representation. Consis-
tently, no differences were observed in the numbers of cells ex-
pressing Arc in any compartment (Fig. 2C3).

Peppermint representation in the ventromedial OB revealed
the same trends. In the O/S * pups, the OLR of mitral cell ensem-
bles was greater in the spared OB (45.07 % 3.59%) than in the
occluded bulb (24.40 = 2.22%; n = 4, t = 5.49, p = 0.01; Fig.
2D1,D2). Consistent with the dorsolateral region, the double-
stained Arc* cells increased after O/S * learning (6.26 + 1.52% in
the spared bulb vs 2.57 £ 0.34% in the occluded bulb; n = 4, t =
3.07, p = 0.05; Fig. 2D3), whereas the total Arc ¥ cells and single-
stained Arc ™ cells were not different in the two bulbs (Fig. 2D3).
In O/S™ pups, neither the OLR of cell ensembles (Fig. 2E1,E2)
nor the numbers of Arc™ cells (Fig. 2E3) are different in the
ventromedial OB.

An unexpected outcome was a significant reduction in the
OLR of the peppermint representation in the occluded OB in the
O/S™* group compared with that in the O/S ~ group (t = 3.60,p =
0.02, unpaired ¢ test). This may relate to a backward conditioning
effect when the naris plug was removed and residual peppermint
odor remained on the pup. Such an effect might be expected to
reduce the stability of peppermint encoding.

Mitral cell ensemble stabilization is specific to the
conditioned odor

In another set of experiments, we examined dorsolateral OB
Arc™ mitral cell ensembles to vanillin after O/S™ training with
peppermint (Fig. 2F). The OLR (29.48 = 1.71% in the spared
bulb vs 33.14 * 0.85% in the occluded bulb; n = 5,1 = 2.19,p =
0.10; Fig. 2F1,F2) and the pattern of Arc expression (Fig. 2F3)
were not different between the spared and occluded bulbs. This
demonstrates that odor learning is input specific in the OB such
that only the representation of the conditioned odor is altered.

Odor preference training also results in a more stable odor
representation in the underlying granule cells of the OB

We next compared the granule cell ensembles in the OB granule
cell layer after O/S™ training. The areas of interest were taken
from the same rectangle regions where we measured cell ensem-
bles in the mitral cell layers. Granule cell ensembles in the dorso-
lateral region showed greater OLR in the spared OB (48.07 =
2.99) compared with the occluded OB (24.40 == 2.43;n = 4, t =
4.56,p = 0.02; Fig. 3A1,A2). The total Arc * cells (7.25 = 0.32% in
the spared bulb vs 8.31 = 1.60% in the occluded bulb; n = 4, t =
0.60, p = 0.59) and double-stained Arc™ cells (7.25 * 0.32% in
the spared bulb vs 8.31 £ 1.60% in the occluded bulb; n = 4, t =
0.60, p = 0.59; Fig. 3A3) were not different in the two OBs.
However, the single-stained Arc™ cells showed a trend of de-
creased numbers in the spared OB (3.76 * 0.21) compared with
the occluded OB (6.20 = 1.01; n = 4, t = 2.67, p = 0.076; Fig.
3A3). There were no differences in either OLR or Arc™* cell num-
bers in the ventromedial region of the OB (Fig. 3BI-B3). Changes
in granule cell ensembles are also training odor specific. Neither
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the OLR nor numbers of Arc™ cells were
different in the spared and occluded OB in
the dorsolateral regions to the control
odor vanillin (Fig. 3CI-C3).

A more stable odor map in the aPC

We have previously shown that the OB
and the aPC are both involved in, and
support, early odor preference learning
(Lethbridge et al., 2012; Yuan and Harley,
2012; Fontaine et al., 2013; Morrison et
al., 2013). We examined pyramidal cell
ensemble changes in the aPC after early
odor preference learning from the same
animals as in the OB experiments. Single-
odor exposure activates ~1% pyramidal
cells in the aPC. Similar to mitral cell en-
sembles in the OB, the stability of the odor
representation as indexed by the OLR of
pyramidal ensembles in the spared aPC
(35.74 * 2.38%) was significantly greater
than that in the occluded one (18.44 *
2.62%; n = 4, t = 7.84, p = 0.004; Fig.
4B1,B2). The increase in the overlap ratio
was caused by an increased number of
double-stained Arc™ pyramidal cells
(0.75 = 0.12% in the spared hemisphere
vs 0.45 = 0.12% in the occluded side; n =
4, t = 3.45, p = 0.04), whereas the total
number of Arc ™ cells to two odor events
and the single-stained Arc ™ cells were not
different in two hemispheres (Fig. 4B3).
Odor experience alone did not alter either
the overlap of the two peppermint ensem-
bles (Fig. 4C1,C2) or the numbers of Arc™
4C3).

Figure 3.

cells activated (Fig.

Discussion

The nature of representations

Cortical representations are known to be both sparse, reflecting a
dynamic balance of excitatory and inhibitory inputs, and variable
(Shadlen and Newsome, 1998; Olshausen and Field, 2004). These
characteristics are thought to account for the large storage capac-
ity of mammalian brain and reflect the dynamic aspects of its
operation. Although representation in the OB itself is more like
that of sensory cortices in having a spatial organization such that
we are able to target representational regions, the aPC behaves like
the general associative cortical model (Johnson et al., 2000). Com-
pared with adult aPC (Shakhawat et al., 2014), the odor ensembles
in rat pup aPC were significantly smaller (~3% vs ~1%). We
suggest this difference relates directly to the maturation of lateral
olfactory tract input to the piriform cortex, which is about one-
third of the adult value at this age (Sarma et al., 2011). Earlier
estimates of piriform ensemble size have been substantially larger
(Poo and Isaacson, 2009; Stettler and Axel, 2009), but this is likely
a function of probing ensembles in the anesthetized versus awake state
(Kato et al., 2012). The present values derive from ensemble measure-
ments in awake animals.

Rat pups have similar numbers of piriform pyramidal cells as
the adult (Sarma et al., 2011), and so dividing total piriform
stereological counts (Capurso et al., 1997; Duffell et al., 2000) in
half provides an estimate of ~150,000 cells available in each
hemisphere to participate in aPC representations. Thus, a 1%
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Early odor preference learning stabilizes the granule cell ensemble to the conditioned odor in the 0B. A7-A3,0/S *
training leads to increased overlap of granule cell ensembles in the dorsolateral olfactory bulb responding to 2X peppermint
exposures. A7, Example images of the granule cell layer in the occluded and spared olfactory bulbs from the same animal. A2, OLR
of granule cell ensembles responding to 2} peppermint exposures. A3, Percentage of Arc *
indexed by DAPI staining. B1-B3, 0/S *
responding to 2X peppermint exposures. (1-(3, 0/S
ensembles at the dorsolateral OB responding to 2X vanillin exposures. GC, Granule cell; DL, dorsolateral; VM, ventromedial; PP,
peppermint; VA, vanillin. Arrows indicate double-stained Arc ™ cells. Scale bars, 20 um. *p < 0.05.

cells over the total population
training does not change the OLR of granule cell ensembles at the ventromedial 0B
training with peppermint does not change the OLR of granule cell

representation (~1500 cells) is well above the calculated thresh-
old of 500 piriform pyramidal cells required to reliably drive odor
preference behavior (Choi et al., 2011) and identical to the per-
centage of Kenyon cells estimated to underlie odor ensembles in
the mushroom body of the insect (Campbell et al., 2013). It
would be interesting if ensemble size was conserved in nervous
system evolution.

A curious aspect of the present data is the finding of an ~15—
20% overlap among unrelated odors, which is substantially larger
than a 0.5% overlap that would be predicted from the size of each
odor’s representation (~7%) by random draw with replacement.
We suggest that this overlap reflects the existence of an active
subset of cortical neurons that are primed to participate in any
representation in a given time window (Yassin et al., 2010; Luczak
and Maclean, 2012; Mizuseki and Buzsaki, 2013; Klinshov et al.,
2014). Such primed subsets require a reconfiguration of our nor-
mal thinking about distributed random neural networks.

The first conclusion that can be made about granule cell par-
ticipation in odor ensembles from these data is that it appears to
be odor specific, arguing for different mitral cell/granule cell en-
sembles for different odors. Johnson and Leon (1996), using
2-deoxyglucose (2-DG), showed that peppermint activates two
hot spots in the glomerular layer of the OB, one in the dorsolat-
eral region and one in the ventromedial region. Early preference
learning predominately enhanced 2-DG activation in the dorso-
lateral glomerular region (Johnson and Leon, 1996) and phos-
phorylated CREB in the dorsolateral mitral cell layer (McLean et
al., 1999), consistent with the more prominent change in the Arc
expression of mitral and granule cells in dorsolateral region. In
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toincreased overlap of pyramidal cell ensembles in the aPC responding to 2 X peppermint exposures. B7, Example images of the pyramidal cell layer in the occluded and spared aPC from the same
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#p < 0.01.

19-d-old rats, c-Fos granule cells significantly decrease with odor
learning (Woo et al., 1996), as do Arc™* pyramidal cells in piri-
form cortex of adult rats (Shakhawat et al., 2014). The lack of a
decrease here in either area is likely related to age.

The second conclusion is that, like mitral cells, the granule cell
representation of an odor increases its stability after the pairing
with stroking reward. This parallel change in the granule cell and
mitral cell ensembles is consistent with the idea that changes in
excitation in any cortical system will be accompanied by balanced
inhibition (Isaacson and Scanziani, 2011; Saar et al., 2012; Xue et
al., 2014). Mitral cells driving granule cells provides the most
parsimonious account of these effects, and if that is the case, it
again underlines a highly selective relationship among mitral and
granule cells. Consistent with such selectivity, electrical coupling
between mitral cells and nearby underlying granule cells has been
reported in rat pups (Paternostro et al., 1995). Feedback effects
from aPC that drive granule cell inhibition for individual odors
has also been demonstrated (Restrepo et al., 2009; Boyd et al.,
2012) and is another possible source of support for the parallel
stability increases observed in the granule cell ensembles.

Overall, the striking feature of the learning-related changes in
odor representation observed in these experiments is the increase
in the stability of ensemble representation from ~25% to 49% in
the OB and from ~18% to ~35% in the aPC. The level of overlap
after our odor reward pairings in the OB is similar to what has
been observed using Arc to identify representations of repeated
strong visual input in secondary visual cortex (50% overlap; Ru-
dinskiy et al., 2012). This similarity of overlap levels in sensory
stimuli for rewarded odor and for strong visual stimulation is
consistent with data showing odor learning modifies OB re-
sponses to be similar to responses to a higher concentration of

training does
cells. Scale bars, 20 m. *p < 0.05;

odorant (Abraham et al., 2014). Recent modeling work on corti-
cal system representations argues that the stability parameter in
population vectors is critical for adaptive behavior (Montijn et
al., 2014). These changes in the responses to simple odorants were
not able to be previously characterized using electrophysiological
methods to probe representations (Chapuis and Wilson, 2012).

Generality of the rat pup model
There are many parallels between the rat pup odor preference
model and adult odor associative learning models. Adult aPC
ensembles also show the stabilization effect of learning and mem-
ory, but the number of neurons participating in an ensemble
becomes somewhat sparser than before learning (Shakhawat et
al., 2014), whereas that number did not change in the rat pup. In
neither model does enlargement of the rewarded representation
occur; this is consistent with data suggesting enlargement of sen-
sory representations does not account for long-term memory
even when itis seen (Reed et al., 2011). However, multiple groups
have reported enlarged OB glomerular representations with
learning in both rodent pups and adults (Woo et al., 1987; John-
son and Leon, 1996; Abraham et al., 2014). We have also de-
scribed such a glomerular effect using intrinsic optical imaging in
the odor preference learning model (Yuan et al., 2002), and as
mentioned earlier, these effects are similar to those of increasing
concentrations of the odorant (Abraham et al., 2014). Both en-
hanced glomerular input and increased stability of principal neu-
ronal network representations should serve to create a stronger
and more discriminable experiential input.

The machinery for NE to act as an unconditioned stimulus in
the rat pup (Yuan etal., 2014) remains in the OB of older rats, and
recent data suggest that blocking both a- and B-adrenoceptors
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in the adult OB prevents discrimination of similar odors
(Doucette et al., 2007; Mandairon et al., 2008). Whereas NE
via B-adrenoceptor activation also mediates early odor learning
in rat pup aPC (Morrison et al., 2013), as in rat pup OB, the role
of NE projections and the function of NE in the aPC in adult rat
odor learning requires future investigation. NMDARs and L-type
calcium channels are critical in the OB as calcium sources medi-
ating plasticity (Jerome et al., 2012; Lethbridge et al., 2012), and
they are likely involved in aPC plasticity and aPC-mediated learn-
ing (Morrison et al., 2013), as both NMDARs and L-type calcium
channels are critical mediators for Arc activation in the hip-
pocampus (Bateup et al., 2013).

The cellular and intracellular supports of rat pup learning and
memory (see Introduction) are also those implicated in inverte-
brate and vertebrate associative learning and appear central for
learning and memory in mammalian brain across the life span.

Arc and plasticity

Arc here identifies the neurons participating in responding to
odors, with the advantage of capturing the ensembles to the same
odor twice. Neurons either alter their firing rate or increase their
firing reliability to an odor after learning (Doucette et al., 2011).
Increases in neuronal firing reliability translate into a tighter
overlap in the condition in which an animal receives the same
odor twice. Our data from both rat pups and adults (Shakhawat et
al., 2014) suggest that the probability that weakly activated cells
transcribe Arc twice is lower before conditioning than after.

Arc is also part of the plasticity story. Others have suggested
that CREB and/or immediate-early genes like Arc identify neu-
rons that are primed to participate in memory ensembles (Han et
al., 2007; Yiu et al., 2014). Arc has recently been shown to pro-
mote thin spine production as sites for connectivity strengthen-
ing while homeostatically downregulating weaker connections
(Peebles et al., 2010). Arc-negative mice show neither depression
nor potentiation as a function of visual experience, whereas with
olfactory experience, both potentiation and depression operate
and are hypothesized to modulate the aPC ensemble changes
across pups and adults (Saar et al., 2012; Yuan et al., 2014). Thin
spine growth, as reported in hippocampus, may contribute to
lasting ensemble strengthening in aPC, as well as among OB
granule cells.
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