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Histone deacetylase (HDAC) plays a role in synaptic plasticity and long-term memory formation. We hypothesized that

trichostatin-A (TSA), an HDAC inhibitor, would promote long-term odor preference memory and maintain enhanced

GluA1 receptor levels that have been hypothesized to support memory. We used an early odor preference learning

model in neonate rat pups that normally produces only 24-h memory to test behavior and examine receptor

protein expression. Our behavioral studies showed that intrabulbar infusion of TSA, prior to pairing of the conditioned

stimulus (peppermint odor) with the unconditioned stimulus (tactile stimulation), prolonged 24-h odor preference

memory for at least 9 d. The prolonged odor preference memory was selective for the paired odor and was also ob-

served using a specific HDAC6 inhibitor, tubacin, supporting a role for histone acetylation in associative memory.

Immunoblot analysis showed that GluA1 receptor membrane expression in the olfactory bulbs of the TSA-treated

group was significantly increased at 48 h unlike control rats without TSA. Immunohistochemistry revealed significant

increase of GluA1 expression in olfactory bulb glomeruli 5 d after training. These results extend previous evidence

for a close relationship between enhanced GluA1 receptor membrane expression and memory expression. Together,

these findings provide a new single-trial appetitive model for understanding the support and maintenance of memories

of varying duration.

During early life, rat pups need to recognize theirmother’s odor for
survival. The association of the pup with their mother is critical as
odor recognition is used to maintain proximity to their dam. In
the 24-h odor preference learning model, on post-natal day
(PND 6) rat pups learn to prefer a novel odor when it is paired
for 10 min with an intermittent tactile stimulation (stroking)
that mimics maternal care. This learning model normally induces
a 24 h memory, but not longer (Sullivan and Leon 1986; Sullivan
et al. 1986; McLean et al. 2005). The memory is determined by
time spent over the conditioned odor compared with normal bed-
ding. To induce longer or extended memories (i.e., 48 h or longer)
multiple spaced training sessions are normally required (Fontaine
et al. 2013).

To investigate the intracellular correlates of shorter and lon-
ger duration long-term memories it would be ideal to modulate a
single-trial memory pharmacologically so that comparisons of
protein transcription and translation could be made following
both a training that results in 24 h memory and the same training
when it leads to multiday memory. Previously, we have shown
that manipulations of cAMP cascade activation itself during
single-trial odor preference training can extend memory duration.
For example, pairing a novel odor with intrabulbar infusion of the
PKA agonist (Sp-cAMP) as the unconditioned stimulus (US) en-
hances memory by extending normal 24-h retention to 48–72 h
(Grimes et al. 2012). In other experiments from our laboratory a
normally ineffective dose of isoproterenol (1 mg/kg) in combina-

tion with the phosphodiesterase IV (PDE4) inhibitor, cilomilast,
extended memory to 4 d (McLean et al. 2005). Cilomilast prevents
cyclic-AMP breakdown extending CREB phosphorylation.
However, the normally effective dose of isoproterenol (2 mg/kg)
along with PDE4 was unable to induce prolonged memory. It
was hypothesized that a weaker dose of the β-AR agonist (1 mg/
kg isoproterenol) in combination with cilomilast helps to main-
tain a better balance of kinase/phosphatase signaling (McLean
et al. 2005).

In recent years, several epigenetic regulation studies have also
suggested that long-termmemory can have multiple durations, all
of which involve gene translation and transcription (Guan et al.
2002). Epigenetic mechanisms such as chemical modifications of
DNA and histones (acetylation and deacetylation) appear to play
vital roles in memory formation and maintenance over longer
time frames (Levenson and Sweatt 2005; Zovkic et al. 2013). It is
now accepted that histone acetylation, achieved by inhibiting
deacetylation, via histone deacetylase (HDAC) inhibitors, is a ma-
jor molecular mechanism in the regulation of transcription under-
lyingmemory extension (Fischer et al. 2007; Haettig et al. 2011). A
role for HDAC inhibition in extending long-termmemory was first
demonstrated in contextual fear conditioning using the HDAC in-
hibitor trichostatin-A (TSA) (Levenson et al. 2004). In 2007, Vecsey
et al. (2007) showed that TSA modulates CREB binding protein
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(CBP)–CREB interactions and that histone acetylation is required
for contextual fear memory consolidation. Their work suggested
that CBP–CREB interactions and histone acetylation provide regu-
latory mechanisms for enhancing memory and synaptic plasticity
(Korzus et al. 2004; Vecsey et al. 2007). Recent findings also show
that intrabulbar TSA infusion facilitates the duration of aversive
olfactory learning in young rats (Wang et al. 2013). However, all
of these TSA studies are related to aversive learning. Surprisingly,
there is no HDAC inhibition-mediated prolonged single-trial pref-
erence memory model reported in the literature.

The purpose of the present study is to assess whether a nor-
mally 24-h appetitive memory model can be extended beyond
24 h by intrabulbar HDAC inhibition using TSA or the specific
HDAC6 inhibitor tubacin to examine potential mechanisms
involved in such memory extension. Here we extend olfactory
preference memory using HDAC inhibition and support previous
findings of both a correlation and a causal relationship between
memory expression and GluA1 receptor enhancement at sites re-
lated to memory relevant synaptic plasticity in the olfactory bulb
(Cui et al. 2011).

Results

HDAC inhibition does not strengthen odor

preference initially
We know that one 10-min session of pairing a conditioning odor
with an unconditioned stimulus on postnatal day 6 (PND 6) by
pairing for 10 min a conditioned odor with an unconditioned tac-
tile stimulus leads to 24 h but not 48-h memory (McLean et al.
2005). In the first experiment, we wished to determine whether
an HDAC inhibitor could strengthen the 24-h preference for the
conditioned odor more than that produced by the tactile stimula-
tion alone. Pups give odor only at training served as the nonlearn-
ing control while odor plus stroking (O/S) served as the normal
learning control. We found that the addition of the HDAC inhibi-
tor TSA did not make the preference for the conditioned pepper-
mint odor (O/S group) any stronger at 24-h memory (Fig. 1).
There was a statistically significant difference between groups as
determined by one-way ANOVA [F(2,12) = 54.99, P = 0.000000009].
A Tukey’s post hoc test revealed that both the odor + stroking
(P < 0.001) and the TSA + odor + stroking (P < 0.001) groupswere sig-
nificantly different from the odor only control group. However,
there was no significant difference between the odor + stroking
group and the TSA + odor + stroking group (P = 0.700) indicating
that the TSA treatment did not provide an initial strengthening of
the preference for the conditioned odor that could account for the
extended memory observed in subsequent experiments (see Fig. 2).

HDAC inhibition induces odor preference memory

extension
To identify the role of HDAC inhibition in prolonging long-term
memory (i.e., eliciting >1-d memory), odor preference memory
testing was performed on rat pups at different intervals following
training; 2, 4, 5, and 9 d. Pups were tested only once and we addi-
tionally asked if HDAC inhibition could prolong memory in the
absence of an unconditioned stimulus (stroking) at the time of
training. Therefore, the nonlearning control (odor only: O/O)
was compared with drug only (TSA) and drug plus unconditioned
stimulus conditions (TSA +O/S). Our behavioral data revealed ro-
bust memory in the odor + stroking TSA-treated groups compared
with the control groups. One-way ANOVA with a Tukey’s post
hoc test was performed to analyze the behavioral data. Animals
that received bilateral intrabulbar infusion of TSA immediately
before odor + stroke (O/S) training on PND 6 showed significantly

greater preference for peppermint odor on PND 8 (2 d) compared
with the control group (Fig. 2A, F(2,8) = 102.42; ***P < 0.001).
Remarkably, the preference memory was observed (Fig. 2) in the
TSA-treated group up to 9 d after the single 10-min training session
on PND 6 (4 d: F(2,10) = 67.699; ***P < 0.001; 5 d: F(2,13) = 169.31;
***P < 0.001; 9 d: F(2,9) = 20.5478; ***P < 0.001).

An HDAC 6 inhibitor extends memory and is specific to

the conditioned odor
To identify whether another HDAC inhibitor could extendmemo-
ry and to determine whether HDAC inhibition enhances memory
specifically to the conditioned odor (rather than a generalized
enhanced memory to odors) we designed an experiment using
tubacin, a specific HDAC 6 inhibitor (Cuadrado-Tejedor et al.
2017; Perry et al. 2017) and a different odor in addition to pepper-
mint. Our prolonged memory model revealed that there was no
preference memory in TSA + O/O group 5 d after training (Fig. 2).
However, in that experiment, we did not examine the possibility
that pups given 10-min odor plus stroking training on PND6might
be able to remember the conditioned odor beyond 24 h, although
we, and others, have never seen that previously. Therefore, the
tubacin experiment included an odor + stroking group in addition
to the nonlearning control (O/O) and HDAC6 inhibitor experi-
mental group. Tubacin-infused rat pups were trained in the pres-
ence of peppermint odor + stroking for 10 min and tested in
the presence of either peppermint (Fig. 3A) or orange (Fig. 3B)
odor 5 d after training. A one-way ANOVA showed a significant dif-
ference between groups when pups were trained and tested with

Figure 1. HDAC inhibition using TSA does not potentiate the preference
for the conditioned odor (peppermint: PPT) 24 h after odor preference
training (TSA +O/S PPT) when compared with pups given tactile stimula-
tion paired with odor (O/S PPT) at training. N values are provided in each
bar.
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peppermint odor [F(2,15) = 20.22, P = 0.000055] and a post hoc
Tukey’s test revealed the tubacin treatment led to a significant dif-
ference in odor preference compared with the O/S trained group
not given tubacin (P < 0.001) and the odor only (O/O) control
group (P < 0.001) while the O/S group was not significantly differ-
ent from the nonlearning (O/O) control group (Fig. 3A). Thus, this
experiment confirmed, using a specific HDAC inhibitor instead of
a pan HDAC inhibitor such as TSA, that HDAC inhibition extends
memory when compared with pups given 10 min of odor + strok-
ing on PND 6. In pups that were trained with peppermint but test-

ed with orange (Fig. 3B), one-way ANOVA
showed no differences between the three
training groups [F(2,12) = 0.102, P = 0.903].
Thus, tubacin does not induce a general-
ized odor preference to normally aversive
odors. We previously showed pups have
the ability to show preference to the nor-
mally aversive orange odor if they are
trained in the presence of orange odor
(Grimes et al. 2015). This, and the present
findings, suggests tubacin-enhanced odor
preference memory is specific to the
paired odor.

GluA1 expression is increased at 48 h

after training in the TSA-treated

odor preference memory model
The effect of TSA-induced prolonged odor
preference memory on AMPA receptor
expression was explored to determine
whether memory length could be corre-
lated with enhanced GluA1 expression
in the olfactory bulb. Immunoblots were
performed at three different time points
(24 h, 48 h, and 5 d). GluA1 expression
was analyzed by two-way ANOVA fol-
lowed by Tukey’s post hoc comparisons
with both time and groups as factors
(F(1,28) = 21.44).Animals receivedeither sa-
line paired with an odor only (baseline,
nonlearning control, Sal +O/O), saline
with odor + stroke (24-h learning condi-
tion, Sal +O/S) or TSA paired with odor +
stroke (prolonged memory condition,
TSA +O/S). According to our initial behav-
ioral data (Fig. 1), neither of the nonlearn-
ing control groups (Sal +O/OandTSA+O/
O) showed preference memory when the
control treatment was paired with pepper-
mint odor. Therefore, for the immunoblot
experiment (Fig. 4), we used the nonlearn-
ing control group (Sal +O/O) to normalize
the experimental data at different time
points. At 24 h following training, the ex-
pression of the GluA1 subunit (shown as
relative optical density) from synaptic
and extra-synaptic membrane fractions
from whole olfactory bulbs in the TSA +
O/S and Sal +O/S groups did not differ sig-
nificantly (Fig. 4A, P > 0.05). At 48 h fol-
lowing training, increased GluA1
expression was observed in the TSA +O/S
group (Fig. 4B, ***P < 0.0001) compared
with the Sal +O/S group. However, at 5 d
following training GluA1 expression in

TSA +O/S group, while higher, was not significantly different from
the Sal +O/S group (Fig. 4C, P > 0.05).

Immunohistochemical expression of GluA1 in the

glomerular layer of olfactory bulbs 5 d after training
The inability to detect a significant difference between “normal”
and extended memory groups using immunoblots 5 d after train-
ing suggested the possibility that whole-bulb analysis might have
diluted the signal of increased GluA1 expression. Therefore, we

Figure 2. HDAC inhibition induces odor preference memory extension. (A = D) Time course analysis of
preference behavioral studies reveals significant memory in TSA-treated O/S trained groups as contrast-
ed with groups given odor only (O/O) or odor only plus TSA at 2, 4, 5, or 9 d after odor preference
training.
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decided if we focused on learning-related
quadrants and layers (instead of whole
bulb) we might be able to better assess
learning-induced changes in the receptor.
To explore this issue, GluA1 expression
was examined 5 d after training using
immunohistochemical (IHC), which en-
abled protein analysis in specific layers
of the olfactory bulb. In this study, an
intra-animal control was used whereby
TSA was infused into one OB and saline
into the contralateral OB after which
the pup was trained with O/S pairing
(Fig. 5). Paired two-tail t-tests revealed sig-
nificantly increased GluA1 label within
the dorsolateral and dorsomedial quad-
rants of the glomerular layer (dorsolat-
eral: t(7) = 2.962; *P < 0.05; dorsomedial:
t(10) = 2.85; *P < 0.05) in the TSA-infused
side compared with vehicle-infused side
(Fig. 6B,C). In contrast, there was no sig-
nificant difference of GluA1 expression
observed in the external plexiform cell
layer (EPL) of the dorsolateral and dorso-
medial quadrants (dorsolateral: P > 0.05;
dorsomedial: P > 0.05) in the TSA-treated
versus vehicle-treated side (Fig. 6D,E).
This is consistent with a strengthening
of input to peppermint odor encoding
glomeruli through increased AMPA re-
ceptor insertion that is observable 5 d

Figure 3. (A) The HDAC 6 inhibitor tubacin infused into the olfactory bulbs induced extended (5 d)
odor preference memory compared with the nonlearning control (odor only at training) or the
normal 24-h memory group (sal + O/S). n = 6 for each group. (B) When pups were trained with pepper-
mint (PPT) in the presence of tubacin but tested with orange odor, the pups did not show preference for
the orange odor suggesting specificity to the trained odor. n = 5 for each group. The experimental pro-
tocol is above the graph. Error bars indicate mean ± SEM.

Figure 4. Immunoblots of GluA1 expression showing the relative optical density of GluA1/β-actin (mean ± SEM) in the neonatal rat pups at 24 h, 48 h,
and 5 d post-training. All data are normalized to Sal + Odor control groups (represented as a horizontal line). Representative bands and experimental pro-
tocol are above each graph. (A) Time course analysis of GluA1/β-actin in rat pups shows no significant difference in the TSA-treated group compared with
the Sal + O/S group 24 h after training. (B) Forty-eight hours post-training reveals a significantly higher GluA1 expression in TSA-treated groups relative to
the Sal + O/S group. (C) GluA1 expression in the TSA +O/S group did not show any significant difference compared with the Sal + O/S group 5 d following
training.
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after training. We also examined pups given odor only at training
and treated in one olfactory bulb with TSA. Intra-animal compari-
sons of those olfactory bulbs revealed no significant differences
between treatment groups indicating TSA treatment by itself did
not influence GluA1 expression (data not shown).

Discussion

Summary of major findings
In our experiments, we established a model in which early odor
preference memory was extended for at least 9 d after one trial
training on PND 6 consisting of 10 min odor + stroking training
combined with intrabulbar infusion of TSA prior to training.
Wang et al. (2013) had previously reported that odor + intrabulbar
TSA at the same dose on PND11 produced odor aversion even
without footshock. This suggested that intrabulbar TSA in older
pups readily induced aversion. At PND6, while there was no evi-
dence of odor preference induction seen when TSA alone was
paired with odor, TSA strongly enhanced the preference effects
of the stroking unconditioned stimulus, while one might have
expected the opposite given Wang’s findings. This may be an
age-related effect as PND 6 pups do not readily learn odor aver-
sions. Nonetheless, the epigenetic effect of antagonizing histone
deacetylation is, in this context, even more compelling as an
enhancement of memory strength/duration.

Our results with the specific HDAC6 inhibitor tubacin are par-
ticularly interesting as HDAC6 is thought to primarily deacetylate
lysine on tubulin and other cytosolic proteins (Perry et al. 2017).
Does this suggest that the acetylation promoted by tubacin and
TSA are related to cytosolic protein effects rather thanDNAhistone
acetylation effects?While this is a possibility, we speculate that the
nuclear effects of HDAC6 are equally likely to contribute to the
extended memory seen here. In a microarray study of rat pup
odor preference learning we found that the expression of genes
related to cell adhesion are up-regulated (M Nartey unpubl.).
Recent evidence suggests the nuclear targets of HDAC6 inhibition
enhance cell adhesion (Mobley et al. 2017) and this is a plausible
mechanism for memory extension. An off-target effect of HDAC6
inhibition via tubacin is promotion of sphingolipid production

(Siow and Wattenberg 2014), which was
also related to learning in our microarray
study of rat pup odor preference learning.
The cytosolic effects of HDAC6 inhibition
increase mitochondrial transport (Chen
et al. 2010), another feature of network
circuit changes supporting memory con-
solidation or expression. Finally, HDAC6
inhibition in conjunction with phospho-
diesterase inhibition promotes LTP and
rescues spine density changes and cogni-
tive dysfunction in mice modeling
Alzheimer’s disease (Cuadrado-Tejedor
et al. 2017). The specific effect(s) of
HDAC6 and histone deacetylation inhibi-
tion contributing tomemoryextension in
the present experiments remain to be
identified.

We also examined the relation be-
tween GluA1 membrane localization
and memory extension. Western blot ex-
periments suggested that the expression
of GluA1 in the crude membrane fraction
that contains synaptoneurosomes was
increased at 48 h after training and this
increased GluA1 expression was also ob-

served immunohistochemically in the glomerular layer 5 d after
conditioning when memory expression also occurred. Our
Western blot data also revealed that there was no significant differ-
ence in GluA1 expression at 24 h after training between the two
learning groups, the TSA +O/S group compared with the Sal + O/
S group, but the drug-treated group showed significantly greater ex-
pression at 48 h when only that group showed memory. These re-
sults are consistent with earlier evidence that 24-h odor preference
memory requires increased expression of AMPA receptors formem-
ory expression where GluA1expression was significantly increased
at 24 h but not 48 h in pups given odor preference conditioning
(Cui et al. 2011). Both the TSA and the control group showed the
same levels. This also suggests TSA did not produce a stronger
GluR1 enhancement at 24 h. However, at 48 h, when preference
memory is not normally expressed in single-trial animals and
IHC-demonstrated Glu1 receptors return to control levels (Cui
et al. 2011), the TSA group’s increased GluA1 expression is consis-
tent with memory extension. Thus, we speculate that the mecha-
nism for prolonged memory is not an initial “super” enhanced
expression of GluA1, but more likely an enhanced continual ex-
pression of the receptor. We also found that prolonged memory
was specific to the paired odor consistent with a selective role of
TSA in enhancing normal memory pathways. A pairing control
was not used in the TSA aversive pup learning model (Wang
et al. 2013) and may be important to examine since aversive
odor learning established using intrabulbar disinhibition as the
unconditioned stimulus produces nonpairing specific odor aver-
sion (Okutani et al. 1999).

Relation between long-lasting memory and GluA1

expression
Several studies suggest that increased glutamatergic AMPA recep-
tors are the substrate for long-term plasticity and long-term mem-
ory expression (Lynch and Baudry 1984; Lu et al. 2001; Malinow
and Malenka 2002). More specifically, increases in the AMPA re-
ceptor GluA1 subunit is a prime candidate for the expression of
LTP (Selcher et al. 2012). Membrane-associated AMPA receptor
subunit GluA1 was shown to be increased in the amygdala 24 h af-
ter fear conditioning (Yeh et al. 2006). In 2011, Cui et al. (2011)

Figure 5. Immunohistochemical (IHC) expression of GluA1 in the glomerular and external plexiform
layer of the olfactory bulbs 5 d after training. Representative IHC localization of GluA1 (TSA-treated right
OB versus Vehicle-treated left OB) in different quadrants of the OB. (A) Experimental protocols is at the
top. (B) Left and right OB dorsolateral quadrant of the glomerular layer (GL) and external plexiform layer
(EPL). (C) Dorsomedial quadrant of GL and EPL of the olfactory bulb in intra-animal-infused PND 11
pups sacrificed 5 d after odor preference training. (B) and (C) are at the same magnification as the
bar in B (100 µm).
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showed that membrane GluA1 levels were increased in the OB
glomerular layer 24 h after conditioning in the appetitive odor
preference learning model, but this increase was no longer ob-
served 48 h after training. In addition, odor preference behavior
ormemorywas not expressed 48h after conditioning. These results
suggest that changes in GluA1 expression correlate with memory
expression. Further, in the Cui et al. studies, blockade of GluA1
increases prevented odor preference memory induction arguing
for a causal role for GluA1 increases in mediating odor preference
learning.

Present results using the TSA-induced prolonged odor prefer-
ence memory model show that GluA1 increases 48 h after training
using immunoblot techniques and remains elevated in the glomer-
ular layer of the OB (using IHC) at least 5 d after odor preference
training. In this study, the immunoblot technique was unable to
showa significant difference of GluA1 expression 5 d after training,
while IHC did. This is likely due to the differences in sensitivity of

the two methods, in addition to the fact
that samples used for immunoblots
used both the synaptic + extra synaptic
membrane fractions of the whole OB,
thus limiting the signal-to-noise ratio.
Alternatively, immunoblot data at 48 h
suggest there may be a stronger GluA1 ex-
pression change at that earlier timewhich
may become recalibrated and focused at
longer time points consistent with hy-
potheses of membrane receptor homeo-
stasis. Therefore, it is not surprising that
increased GuA1 expression was not seen
using immunoblotting from themembra-
nous fractions of whole OB at 5 d post-
training. Consistentwith this hypothesis,
the IHC experiment found increased
GluA1 expression was localized to the
dorsolateral and the dorsomedial quad-
rant of the glomerular layer 5 d after train-
ing, when odor preference memory is
also expressed behaviorally. This is con-
sistent with a role for increased excitatory
strength in these glomeruli in mediating
odor preference behavior.

The glomerular layer of the OB,
which receives odor input, is likely to
have a crucial role in the plasticity chang-
es that underlie peppermint preference
learning (Yuan et al. 2002). The dorsolat-
eral quadrant (DL) of the glomerular
layer, responsive to several compounds
including carvone, is a key component
of peppermint extract (Diaz-Maroto et al.
2008), acetophenone, and eugenol, while
the dorsomedial quadrant (DM) respons-
es are activated by components which
include organic acids (Bozza and Kauer
1998; Kikuta et al. 2013). Accordingly,
these two quadrants of the glomerular
layer (DL and DM) are likely to be critical
for peppermint odor preference learning
changes. In summary, current results are
consistent with the AMPA receptor hy-
pothesis of long-lasting memory and pro-
vide a strong correlation between GluA1
expression in the appropriate glomerular
layer quadrants and memory extension.
These findings do not address the poten-

tial for other receptors and factors to be involved in the sustained
memory. Such possibilities would require further investigation.

Conclusions

This study provides the first example of a single trial, appetitive
odor preference extended memory model following HDAC inhibi-
tion. Consistent with previous studies, we also demonstrate that
this prolonged memory is related to GluA1 membrane expression.
IHC data suggest that GluA1 expression occurs selectively in the
dorsolateral and dorsomedial quadrants of the glomeruli, but not
in the associated external plexiform layer. This extended memory
is specific to the paired odor. To date, there is no other model that
shows 9 d extended odor preference memory following a single
10-min training trial. Thus, these studies are the first to show the
effectiveness of the pan HDAC inhibitor TSA and the specific
HDAC6 inhibitor in producing such a prolongation of memory,

Figure 6. (A) Experimental protocol is above the graph. Graphs showing the density of GluA1 expres-
sion in various regions including: (B) dorsolateral quadrant of the glomerular layer (DL-GL), (C) dorso-
medial quadrant of the glomerular layer (DM-GL). (D) Dorsomedial quadrant of the external
plexiform layer (DM-EPL), and (E) dorsolateral quadrant of the external plexiform layer (DL-EPL) of
the OB. Quantitative analysis revealed significantly higher expression of GluA1 in the DL-GL and
DM-GL layers of TSA-treated right OB relative to vehicle-treated left OB. However, no significant differ-
ence is observed in comparisons of animal treatments in the DM-EPL and DL-EPL layer.
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and particularly of appetitive memory. This unique model will
help to illuminate the mechanisms for long-lasting preference
memory in the future. Future work will be needed to reveal the
molecular mechanisms of HDAC inhibition-mediated single-trial
odor preference memory extension.

Materials and Methods

Animals
Sprague Dawley (Charles River, Saint-Constant, Quebec, Canada)
rat pups of both sexes were used in this study. The day of birth
was considered PND 0. Litters were culled to 12 rat pups on PND
1. Not more than one animal of each sex, per litter, was assigned
to each training condition. Animals were housed in temperature-
controlled rooms (20°C–25°C) on reverse 12 h light–dark
cycles. All experimental procedures were approved by the
Institutional Animal Care Committee at Memorial University of
Newfoundland following the guidelines set by the Canadian
Council on Animal Care under the protocol number 14-01-M.

Experimental design

Cannula surgery

Two cannulae were anchored in dental acrylic (Lang Dental) such
that they were separated laterally by ∼4 mm and extended beyond
the acrylic ∼0.5–1 mm. When the dental acrylic had hardened,
excess acrylic was trimmed off to make the cannulae assembly as
small as practical. The cannulae were sonicated to remove excess
acrylic particles inside the cannulae. Insect pins (size 00, diameter
0.3 mm, Ento Sphinx) were placed inside the cannulae to prevent
blocking.

On PND 5, rat pups were anesthetized by hypothermia and
placed in a stereotaxic apparatus. The skull was exposed and two
small holes were drilled over the central region of each olfactory
bulb. The cannulae were implanted into the olfactory bulb and
cemented to the skull. The skin was sutured together and pups
were allowed to recover from anesthesia on warm bedding before
being returned to the dam.

Drug preparation

TSA (Cedarlane) was dissolved in 100% dimethyl sulfoxide
(DMSO, EMD Chemicals Inc.) to prepare a stock solution (stock
concentration 1 µg/µL) and aliquoted as 10 µL in each vial to store
at −20°C. To make the experimental concentration, 10 µL TSAwas
diluted with 190 µL of 10% DMSO to make 200 µL total volume
(working concentration 0.05 µg/µL) as described previously
(Wang et al. 2013). One microliter of 0.05 µg tubacin
(Sigma-Aldrich) was prepared in the same manner as TSA and in
the same concentration as TSA.

Drug infusion

Infusion cannulae were made from 30 gauge stainless steel tubing
cut to a length of ∼7 mm and inserted into PE-20 polypropylene
tubing (inner diameter 0.38 mm, outer diameter 1.09 mm, Becton
Dickinson). For bilateral OB infusion, the end of the PE-20 tubing
was attached over the needle of a 10 µL microsyringe (cemented
needle 26s gauge, needle length 2 in., Hamilton Company). On
PND 6, 20 min before training, pups received intrabulbar infusion
of 1.0 µL of 0.05 µg TSA or tubacin into each olfactory bulb via
the cannula implanted the previous day. Hamilton syringes and a
multisyringe pump (Harvard Apparatus) were used to infuse 1 µL
of TSA or tubacin into each olfactory bulb over a 3-min period.

Odor preference training and testing procedure

Training

A single 10-min training session was performed on PND 6 rat pups
in temperature controlled (28°C) behavior rooms. After the drug
infusion, pups were placed on peppermint-scented bedding

(specifically, in those experiments where preference memory
in presence of peppermint were compared with control groups)
or orange-scented bedding (one experiment, see Fig. 5) for
10 min and stroked with a paint brush for 30 sec every other
30 sec. Pups in the nonlearning condition were placed on the
peppermint-scented bedding for 10 min without stroking.
Peppermint-scented bedding was prepared by adding 0.3 mL of
peppermint extract (GE Barbour Inc.) to 500mLof regular unscent-
ed woodchip bedding and covered for 10 min. Orange-scented
bedding was prepared in a similar way by adding 0.3 mL of orange
oil (natural, cold compressed, California origin, Sigma-Aldrich) to
500 mL of regular unscented woodchip bedding. Peppermint- or
orange-scented bedding was then left uncovered in a fume hood
for 10 min allowing any solvent to evaporate. Pups were returned
to the dam immediately after training until sacrifice or further
testing.

Testing

During testing, a two-odor choice test was carried out in a stainless
steel test box placed over two training boxes. For the majority of
tests, one box contained peppermint-scented bedding, and the
other contained normal, unscented bedding. Testing boxes were
separated by a 2-cm neutral zone. To begin testing, each rat pup,
one at a time, was removed from the dam and transferred to a tem-
porary holding cage with no bedding and kept in the testing room
where the damandother pups are being caged to prevent odor con-
tamination. To start the testing, the pup was placed in the neutral
zone of the test box. The amount of time the pup spent on either
peppermint-scented bedding or normal bedding was recorded dur-
ing each of five 1-min trials. The average time spent over
peppermint-scented bedding or normal bedding was calculated
for each pup. Each pup was given a 30-sec resting time between
each of five 1-min trials. During this 30-sec resting time, the pup
was returned to the holding cage. In another experiment, pups
were tested with orange-scented bedding versus unscented bed-
ding and the percentage of time the pup spent over the orange-
scented bedding was calculated.

Behavioral procedures of immunohistochemistry

AMPA (GluA1) receptor expression was examined by immunohis-
tochemistry in the olfactory bulb 5 d after odor–stroke training. To
accomplish this, TSA was infused into one bulb and vehicle was
infused into the contralateral bulb. After infusion, pups were ex-
posed to peppermint paired with 10 min of stroking using a paint
brush (see Figs. 3, 4). Pups were perfused 5 d after training and
brains processed for immunohistochemistry as described below.

Perfusion and IHC procedures

At 5 d (GluA1) after training, animals were anesthetized by sodium
pentobarbital (80 mg/kg, Bimeda-MTC Animal Health Inc.)
and perfused transcardially with ice-cold 0.9% saline solution
(∼1 min) followed by ice-cold fixative: 4% paraformaldehyde
(Fisher Scientific) in 0.1 M phosphate buffer, pH 7.4. Brains were
removed from the skull and post-fixed for 1 h in the same fixative
solution, after which they were immersed in 20% sucrose solution
overnight at 4°C.

The next day, brains were flash-frozen and 30 µm coronal
sections of the entire bulb were cut in a cryostat (Thermo
Scientific) at −15°C. Sections were directly mounted onto slides.
The primary antibodies rabbit GluA1 (1/10,000, Abcam) was dilut-
ed in phosphate-buffered saline (PBS) with 0.2% Triton X-100,
0.002% sodium azide, and 2% normal goat serum and applied to
sections overnight at 4°C. The next day, sections were washed
in PBS for 3 × 5 min and incubated in a biotinylated anti-rabbit
secondary antibody (Vectastain Elite, Vector Laboratories Inc.)
dissolved in PBS with 0.2% Triton X-100 for 1 h. Then sections
were washed in PBS for 3 × 5 min and avidin/biotinylated enzyme
(A + B) solution (Vectastain Elite, Vector Laboratories Inc.) was add-
ed followed by incubation for 1 h. Next, sections were incubated in
0.05% diaminobenzidine (DAB) with 0.01% hydrogen peroxide
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(H2O2) for 3min andwashed in PBS for 3 × 5min. Then slides were
rinsed with distilled water for 10 sec. Afterward, sections were de-
hydrated and cover-slipped with Permount (Fisher Scientific).
Olfactory bulb sections (vehicle-treated side and TSA-treated side)
from each pup were processed on the same slide at identical times
for incubation in the antibodies and development in DAB solu-
tion. Thus, this drug infusion and processing methods provided
intra-animal control for IHC.

Image analysis for GluA1 IHC

Images of sections were captured with a CCD camera (Leica
Microsystems Ltd.) connected to the Leitz microscope (Leitz)
at 4× magnification. Leica Application Suite software (Leica
Microsystems Ltd., version 4.2.0) was used to process and store
the images. The light intensity of the microscope was kept at the
same level for all the sections from all animals analyzed. The inten-
sity of GluA1 stainingwas analyzed using Image J analysis software
(National Institutes of Health, version 1.46p). Regions analyzed in-
cluded the dorsolateral and dorsomedial quadrants of the GL
known to be responsive to peppermint (Johnson and Leon 2007)
and the dorsolateral and dorsomedial quadrants of EPL for each
section in the olfactory bulb. To analyze the sections, the optical
density (OD) of the olfactory nerve layer was used as a background
OD for the section. This was accomplished by drawing four
∼100-µm diameter ovals on the olfactory nerve in each section
and averaging the OD reading. To measure the OD of the glomer-
uli, eight glomeruli were marked in each quadrant and the OD av-
eraged for that quadrant in each section. The external plexiform
layer was analyzed similarly by drawing eight (∼100 µm diameter)
ovals in each quadrant and averaging the OD. Measurements of
OD were taken from four rostral-to-caudal levels of the glomeruli
and external plexiform layers from each pup. The relative OD of
the region of interest (ROI) was obtained by using the following
formula: (OD of background−OD of ROI)/OD of background.

Experimental groups for immunoblotting
Rat pups were divided into three groups: Sal +O/O, Sal +O/S, and
TSA +O/S. Each group was further subdivided into three time
points (24 h, 48 h, and 5 d) after training.

Samples were collected at three different time points after
conditioning. After decapitation, olfactory bulbs were quickly
removed and frozen on dry ice. Tissue was stored in lysis
tubes (Micro tube 0.5 mL, SARSTEDT AG & Co.) containing beads
(1.4 mm Zirconium oxide beads, Precellys 24) at −80°C until
processing.

Crude membrane fraction extraction protocol
Tissues were homogenized in 100 µL sucrose buffer at 5500 rpm
for 20 sec in a homogenizer (Precellys 24). The homogenate was
centrifuged at 1000g at 4°C for 15min to removenuclei and incom-
pletely homogenized material (P1). The supernatant (S1) was
collected and centrifuged at 10,000g at 4°C for 20 min to obtain
the membrane fraction (P2) and removed the cytosolic fraction
(S2). The pellet (P2) was resuspended in 80 µL 1× STE (sodium
dodecyl sulfate [SDS] tris-ethylenediaminetetraacetic acid [EDTA])
buffer. P2 samples were sonicated and then heated to 90°C for
3 min to solubilize the pellet. Although many types of membrane
components are found in these extracts, we previously observed
by electronmicroscopy that many of the components are synapto-
neurosomes (Cui et al. 2011).

Protein concentration determination
Protein concentrations for each sample were determined using the
BCA Protein Assay adapted for a 96-well plate (Pierce BCA Protein
Assay kit, Thermo Scientific) using bovine serum albumin to gen-
erate a standard curve. Samples were read at 562 nm (PolarStar
Optima; BMG Technologies Inc.) and the optical density used to
calculate the volume required to load 50 µg of protein per sample
into the wells of polyacrylamide gels used for electrophoresis.

Immunoblotting
Samples were 50 µg of protein lysate mixed with 5× sample buffer
(50 mM Tris–HCl, pH 6.8, 10% glycerol, 5% 2-mercaptoethanol,
2% SDS, 0.125% bromophenol blue) and water (to adjust total vol-
ume to 25 µL). Samples were mixed and heated for 5 min at 100°C
prior to loading onto a 10%polyacrylamide gel. Samples were then
transferred to nitrocellulose membrane (Millipore) at 100 V for
60 min at 4°C. Following transfer, nitrocellulose membranes
were washed in Tris-buffered saline with 0.1% Tween (TBST) for
3 × 5 min. Blots were blocked in 5% nonfat dry milk + TBST for
1 h at room temperature. After washing, blots were incubated in
primary antibody (rabbit polyclonal GluA1; Abcam, in blocking
buffer) overnight at 4°C with continuous shaking. Blots were
then washed in TBST (3 × 10 min) and incubated in secondary an-
tibody (goat anti-rabbit conjugated with horseradish peroxidase;
Thermo Scientific) with 5% nonfat dry milk + TBST, for 1.5 h at
room temperature and then washed in TBST (3 × 10 min).

Specific protein bands were visualized using chemilumines-
cence (Supersignal West Pico; Thermo Scientific). Blots were
exposed for varying lengths of time to film (Kodak Clinic Select
Green; Eastman Kodak company).

For determining AMPA receptor (GluA1) expression, immu-
noblots were reprobed with β-Actin (purified rabbit anti-β-actin,
1/5000, Cell Signaling) as a loading control.

Statistical analysis
For analyzing behavioral experiments, one-way ANOVA with a
Tukey’s post hoc test was used to make comparisons among differ-
ent groups. For immunoblotting experiments, GluA1 expression
was analyzed by two-way ANOVA followed by Tukey’s post hoc
comparisons with both time and groups as factors. For image
analysis of GluA1 IHC, paired t-tests were used to compare between
the saline-treated OB versus TSA-treated OB obtained from the
same animal. An unpaired two-tailed t-test was performed to eval-
uate the memory specificity for the paired odor between two
groups. Differences between groups were considered significant
when P values were <0.05.
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