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Research

PKA increases in the olfactory bulb act as
unconditioned stimuli and provide evidence for
parallel memory systems: Pairing odor with increased
PKA creates intermediate- and long-term, but not
short-term, memories

Matthew T. Grimes,1 Carolyn W. Harley,2 Andrea Darby-King,1 and John H. McLean1,3

1Division of BioMedical Sciences and 2Department of Psychology, Memorial University of Newfoundland, St. John’s, NL,

Canada A1B 3V6

Neonatal odor-preference memory in rat pups is a well-defined associative mammalian memory model dependent on

cAMP. Previous work from this laboratory demonstrates three phases of neonatal odor-preference memory: short-term

(translation-independent), intermediate-term (translation-dependent), and long-term (transcription- and translation-depen-

dent). Here, we use neonatal odor-preference learning to explore the role of olfactory bulb PKA in these three phases of

mammalian memory. PKA activity increased normally in learning animals 10 min after a single training trial. Inhibition of

PKA by Rp-cAMPs blocked intermediate-term and long-term memory, with no effect on short-term memory. PKA inhi-

bition also prevented learning-associated CREB phosphorylation, a transcription factor implicated in long-term memory.

When long-term memory was rescued through increased b-adrenoceptor activation, CREB phosphorylation was restored.

Intermediate-term and long-term, but not short-term odor-preference memories were generated by pairing odor with

direct PKA activation using intrabulbar Sp-cAMPs, which bypasses b-adrenoceptor activation. Higher levels of Sp-

cAMPs enhanced memory by extending normal 24-h retention to 48–72 h. These results suggest that increased bulbar

PKA is necessary and sufficient for the induction of intermediate-term and long-term odor-preference memory, and

suggest that PKA activation levels also modulate memory duration. However, short-term memory appears to use molecular

mechanisms other than the PKA/CREB pathway. These mechanisms, which are also recruited by b-adrenoceptor activation,

must operate in parallel with PKA activation.

Rat pup odor-preference learning is an adaptive form of learning
critical for organisms that require their mother for protection,
warmth, and food during early life. Within the adult mammalian
brain, odor pathways are extensive and multiple areas are recruit-
ed to facilitate odor learning (Staubli et al. 1995; Tronel and Sara
2002; Rolls et al. 2003). However, the advantage of rat pup odor-
preference learning is that many components of the odor pathway
are immature, resulting in the elements of odor learning being lo-
calized to the olfactory bulbs (Sullivan et al. 2000b).

Odor-preference learning can be induced in a single trial of a
10-min exposure to novel odor (conditioned stimulus, CS) paired
with b-adrenoceptor activation in the olfactory bulb (uncondi-
tioned stimulus, UCS) (Sullivan et al. 1991; Langdon et al. 1997;
Price et al. 1998). The glutamatergic odor input, which permits
NMDA receptor activation and calcium entry, primes the b-adre-
noceptor stimulation of coupled G-proteins (Yovell and Abrams
1992) to create a wave of cAMP GluA1 (Cui et al. 2011) critical
for associative learning (Yovell and Abrams 1992; Rosenberg and
Li 1995; Yuan et al. 2003b). The primary action of cAMP is to ac-
tivate protein kinase A (PKA) (Taylor et al. 1990; Dell’Acqua and
Scott 1997).

PKA is involved in long-term memory formation in both in-
vertebrates (Barco et al. 2006) and vertebrates (Abel and Nguyen
2008). The catalytic subunits of PKA phosphorylate multiple
learning-relevant substrates such as serine 845 of the AMPA recep-
tor GluA1 subunit (Banke et al. 2000; Ahn and Choe 2009) and
serine 133 of the transcription-factor cAMP response element
binding protein (CREB) (Arias et al. 1994; Tao et al. 1998; Del-
ghandi et al. 2005).

The phosphorylation of CREB (pCREB) is implicated as a me-
diator of learning and memory in fruit flies (Tully and Quinn
1985; Yin et al. 1995; Tully et al. 2003), Aplysia (Abel and Kandel
1998), and rodents (Silva et al. 1998; Colombo et al. 2003; Kudo
et al. 2005; Brightwell et al. 2007). Previous research from our lab-
oratory demonstrated the requirement for an increase in pCREB
within the mitral cells of the olfactory bulb 10 min after learning
for the formation of long-term odor-preference memory (McLean
et al. 1999; Yuan et al. 2000, 2003a). Since odor-preference learn-
ing has been shown to require a cAMP increase (McLean et al.
2005) and CREB phosphorylation (McLean et al. 1999; Yuan
et al. 2003a), in the present study we sought to assess the require-
ment for PKA increases as mediators of the sequence of biochem-
ical events underlying odor-preference memory.

We found that we could generate both intermediate-term
and long-term memory with direct PKA activation as the UCS.
These memories were formed independently of short-term odor-
preference memory, suggesting a PKA-independent mechanism
for short-term memory and supporting the hypothesis of parallel
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memory pathways. We found that long-term memory blocked by
PKA inhibition could be rescued by additional pharmacological
activation of b-adrenoceptors and produce a memory formed
apparently independent of PKA, suggesting a compensating mo-
lecular pathway. This compensating pathway was associated
with CREB phosphorylation solidifying previous results, demon-
strating a requirement of pCREB for long-term odor-preference
memory (Yuan et al. 2003a).

Results

PKA activity increases 10 min following odor-preference

training
Single-trial odor-preference training induces an oscillatory peak
in olfactory bulb cAMP levels at the end of the 10-min odor pre-
sentation (Cui et al. 2007). Phosphorylation of PKA substrates
CREB (McLean et al. 1999; Yuan et al. 2000, 2003b), NMDA recep-
tor subunit N1, and AMPA receptor subunit GluA1 (Cui et al.
2011) are highest 10 min later, following the end of odor presen-
tation and the cAMP peak (Cui et al. 2007). In the present study,
PKA activity was assessed using a multisubstrate phosphorylation
assay in groups sacrificed immediately prior to odor presentation
and at 5-min intervals during and up to 10 min following odor
presentation. Animals receiving odor + saline served as the base-
line standard in each assay run. PKA activity was significantly el-
evated 10 min following odor presentation in the odor + 2 mg/
kg isoproterenol group (the learning condition, 36% increase) rel-
ative to odor + 6 mg/kg isoproterenol (nonlearning condition,
6% increase), with PKA activity normalized to the nonlearning sa-
line control. No other time points differed (Fig. 1). The result rep-
licates the temporal pattern of PKA activity indexed by the PKA
substrate phosphorylation measures already described.

Inhibition of PKA disrupts intermediate-term and

long-term odor-preference memory with no effect

on short-term memory
Work from this laboratory has found three different phases of neo-
natal odor-preference memory (Grimes et al. 2011). Short-term
memory up to 3 h is translation independent, while intermediate-
term memory occurs around 5 h and is translation dependent and

transcription independent. Long-term memory at 24 h is both
translation and transcription dependent. To examine the causal
role of PKA in these distinct phases of odor-preference memory,
Rp-cAMPs, a competitive inhibitor of PKA, was infused into the ol-
factory bulbs 10 min after the s.c. injection of isoproterenol and
30 min before odor presentation. PKA inhibition disrupted nor-
mal odor preference (2 mg/kg isoproterenol as the UCS) 24 h after
training (Fig. 2A) and 5 h after training (Fig. 2B), while pups tested
3 h after training displayed odor-preference memory with a nor-
mal inverted U curve relationship across isoproterenol dosages
(Fig. 2C).

In rat pups given 6 mg/kg of isoproterenol as the UCS, which
normally do not learn (Langdon et al. 1997), Rp-cAMPs unexpect-
edly produced a 24-h odor preference (Fig. 2A). In the 3-h memory
group (Fig. 2C) and 5-h memory group (Fig. 2B), no odor prefer-
ence occurred in the 6-mg/kg isoproterenol group, even with pri-
or intrabulbar Rp-cAMPs (Fig. 2C). The inhibition of intermediate-
term and long-term odor-preference memory by Rp-cAMPs sug-
gests that intermediate-term and long-term memories require
PKA activation, while short-term memory uses alternate molecu-
lar pathways. The ability to generate long-term, but not interme-
diate-term memory, with a higher dose of isoproterenol in the
presence of Rp-cAMPs, suggests that these are also separable mem-
ory streams, and long-term memory can occur without the prior
appearance of intermediate-term memory. This is the first test of
the role of the cAMP/PKA/CREB cascade in short- and intermedi-
ate-term mammalian odor-preference memory.

PKA activity in the olfactory bulb under training

conditions is strongest in the glomerular and mitral

cell layers and is significantly inhibited by infusion

of Rp-cAMPs
PKA activity patterns have not been previously described in the ol-
factory bulb. We examined the localization of bulbar PKA activity
using a multiple phosphorylated substrates antibody (Sindreu
et al. 2007) and immunohistochemistry in animals sacrificed
10 min after training (the period of peak PKA activity) (Fig. 1).
As seen in Figure 3C, PKA activity was highest in the glomeruli
(gl) and mitral cells (mcl). Mitral cell dendrites also exhibited re-
activity in the region of lateral dendritic spread (inner external
plexiform layer, epl). Reactivity was lower in the granule cell re-
gion (gcl). High levels of AKAP-150, a PKA anchoring protein,
have been described in the glomeruli and in the lateral mitral
cell dendritic area in rats (Glantz et al. 1992) and in the mitral
cell bodies in mice(Ostroveanu et al. 2007), which is consistent
with the picture here for PKA. A high level of PKA in the granule
cell layer reported for AKAP-150 in rats (Glantz et al. 1992), but
not mice (Ostroveanu et al. 2007), was not observed. MAP2, which
may be the main neuronal PKA anchoring protein (Zhong et al.
2009), has a similar distribution to that seen here for PKA
(Philpot et al. 1997) and is located in glomerular mitral cell den-
drites at the EM level (Kasowski et al. 1999). This localization is
consistent with our model, in which learning is initiated in and
supported by changes in olfactory nerve-mitral cell connections
(McLean and Harley 2004).

To assess the effectiveness of Rp-cAMPs in inhibiting PKA
activity, a unilateral infusion of Rp-cAMPs into one bulb was
compared with the opposite bulb receiving a saline infusion.
Pups trained with a 2-mg/kg learning dose of isoproterenol dem-
onstrated significantly lower PKA activity in all regions of the
Rp-cAMPs infused bulb (Fig. 3A) than in the saline-infused bulb.
In a second set of comparisons, pups received a nonlearning dose
of 6 mg/kg isoproterenol. The higher dose of isoproterenol also re-
vealed that Rp-cAMPs-infused bulbs had lower levels of PKA

Figure 1. Learning causes a significant increase in PKA activity after
10 min. Pups were subcutaneously injected with varying doses of isopro-
terenol and sacrificed for removal of olfactory bulbs at different time
points during odor-preference training. Olfactory bulb tissue was
assayed for PKA activity and collected data were normalized to respective
saline control. A one-sample two-tail t-test demonstrated that only learn-
ing animals (2 mg/kg isoproterenol [Iso] + odor) demonstrated a signifi-
cant increase in PKA activity compared with saline controls. This increase
occurred 10 min after odor presentation, the same time point at which an
increase in the phosphorylation of CREB occurs. (Iso) Isoproterenol. n ¼ 5
pups per group. (∗) P , 0.05. Error bars indicate SEM.
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activity relative to the saline-infused bulb at 10 min after training
(Fig. 3B). This result suggests that Rp-cAMPs inhibited PKA activity
throughout different levels of b-adrenoceptor activity.

Olfactory bulb infusion of Rp-cAMPs decreases CREB

phosphorylation, but increased b-adrenoceptor activation

rescues CREB phosphorylation
Since the phosphorylation of CREB on serine 133 is required for
odor-preference learning (McLean et al. 1999; Yuan et al. 2003a),
it was hypothesized that PKA inhibition would be associated
with lower levels of CREB phosphorylation in nonlearning
groups. This was assessed by using phosphorylated CREB antibod-
ies in immunohistochemistry on olfactory bulbs taken 10 min af-
ter training, which is the time point of the significant increase in
the phosphorylation of CREB in neonatal odor-preference learn-
ing (McLean et al. 1999; Yuan et al. 2000, 2003a). Pups given
odor + 2 mg/kg isoproterenol revealed lower levels of pCREB in
the Rp-cAMPs-infused bulb relative to the saline-infused bulb, as
predicted (Fig. 4A). Experiments conducted with odor + 6 mg/

kg of isoproterenol (nonlearning dose) revealed elevated pCREB
staining density in the Rp-cAMPs-infused bulb relative to the
saline-infused bulb (Fig. 4B), demonstrating the association of
the restoration of learning in the 6-mg/kg condition, and elevated
phosphorylation of CREB.

Activating PKA generates intermediate-term and

long-term memory without short-term memory
The blocking effect of PKA inhibition on odor-preference memory
at 24 h supports a causal role for PKA in odor-preference learning.
A causal role was further probed by attempting to induce learning
with PKA activation. The PKA activator, Sp-cAMPs, was infused at

varying concentrations into the olfacto-
ry bulbs 20 min before odor exposure.
Three hours after training there was no
evidence of odor-preference memory at
any concentration of Sp-cAMPs paired
with odor (Fig. 5A). However, 5 h after
training and 24 h after training, all
groups of pups given a concentration of
9 mg/0.5 mL or higher, showed odor-
preference memory (Fig. 5B,C). The low-
est concentration of Sp-cAMPs used
(4.5 mg/0.5 mL) was ineffective. This
pattern of results is consistent with the
inactivation data. Both inhibition and
activation manipulations suggest that
PKA has a causal role in intermediate-
term and long-term odor-preference
memory. PKA is neither necessary, nor
sufficient for short-term odor-preference
memory. These results support a model
of independent and parallel memory
mechanisms for short-term and longer-
term odor-preference learning.

Increasing PKA activity extends the

duration of odor-preference

memory
Increases in cAMP levels using phospho-
diesterase inhibition have previously
been shown to extend the duration of
single-trial odor-preference memory in
the rat pup, which is normally limited

to 24 h (McLean et al. 2005). In the present study, extended mem-
ory durations were assessed when we directly activated PKA with
varying concentrations of Sp-cAMPs as the UCS 20 min before
odor exposure. The two highest concentrations (18 mg/0.5 mL
and 36 mg/0.5 mL) were associated with significant odor prefer-
ence for peppermint 48 h (Fig. 6A) and 72 h (Fig. 6B) after train-
ing. There was no evidence of odor preference at 96 h (Fig. 6C)
with the concentrations used. Enhanced activation of PKA alone
is sufficient to extend memory duration for odor preference.

Discussion

PKA activation can act as an UCS
PKA activity is required for long-term memory formation across
many mammalian models (Abel and Nguyen 2008). In typical as-
sociative memory, the activation of PKA has been shown to pro-
mote long-term memory when CS + UCS pairings are given, but
not to create it (Muller 2000; Viola et al. 2000; Ma et al. 2009).
Here, we were able to generate associative mammalian memory
with direct PKA activation as the sole UCS. This underscores the
requirement of cAMP signaling through PKA within the olfactory
bulbs for the formation of odor-preference memory. Rat pups are
primed for odor memory formation and retrieval for their sur-
vival. Special features of early locus coeruleus (Rangel and Leon
1995; Sullivan et al. 2000b; Moriceau and Sullivan 2004) and
amygdala (Sullivan et al. 2000a; Moriceau et al. 2006; Thompson
et al. 2008) functioning result in locus coeruleus activation and/

or noradrenaline acting as the UCS for early odor-preference
learning. Isoproterenol in the olfactory bulbs will produce prefer-
ence learning in older pups beyond the critical period (Moriceau
and Sullivan 2004). It will be interesting to examine direct PKA ac-
tivation within the olfactory bulbs of older rats in this context.

Figure 2. PKA activity is required for 5-h intermediate-term and 24-h long-term memory, but not 3-h
short-term memory, while 24-h long-term memory is rescued through increased b-adrenoceptor activ-
ity. Pups received an olfactory bulb infusion of Rp-cAMPs 10 min after the s.c. injection of isoproterenol.
(A) Pups were tested 24 h after learning for long-term odor-preference memory. A one-way ANOVA
F(5,43) ¼ 10.399, P , 0.0001; n ¼ 8–9 per group and Dunnett’s post hoc test comparing experimental
groups to the saline/saline nonlearning control revealed that inhibiting PKA activity in the olfactory bulbs
disrupts long-term memory formation. However, long-term memory was restored with increasing
b-adrenoceptor activation (6 mg/kg Iso). (B) Five-hour intermediate-term memory is also reliant on
PKA activity. A one-way ANOVA F(4,15) ¼ 24.255, P , 0.0001; n ¼ 4 and Dunnett’s post hoc test compar-
ing experimental groups with the saline/saline nonlearning control revealed that PKA inhibition in the
olfactory bulb disrupts intermediate-term memory. However, the memory was not rescued through in-
creased b-adrenoceptor activity. (C) Three-hour short-term memory does not rely on PKA activity. A
one-way ANOVA F(4,21) ¼ 34.398, P , 0.0001; n ¼ 5–6 and Dunnett’s post hoc test comparing exper-
imental groups with the saline/saline nonlearning control revealed that inhibiting PKA had no effect on
short-term memory formation, and the experimental groups demonstrated an inverted U-curve response
tob-adrenoceptor activation, which has been demonstrated in previous work without olfactory bulb ma-
nipulations (Grimes et al. 2011). (∗) P , 0.05, (∗∗) P , 0.01. (Iso) Isoproterenol. Error bars are SEM.
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This could provide a memory model and tool to define down-
stream mechanisms of memory over the lifespan.

PKA activation does not exhibit an inverted U-curve

response and can lead to memory extension
When PKA activity was increased with higher activator doses, an
inverted U-curve response did not occur. An inverted U-curve is
found with b-adrenoceptor activation (Langdon et al. 1997).
Consistent with the inverted U-curve for learning was the finding
here that PKA activation 10 min following training did not occur
with 6 mg/kg isoproterenol as the UCS. However, higher doses of
our PKA activator, instead of being less effective, both initiated
and extended memory. Memory enhancement through increas-
ing PKA activity has been found in other mammalian memory
models (Bernabeu et al. 1997; Izquierdo et al. 2000; Vianna
et al. 2000; Jentsch et al. 2002; Ma et al. 2009), but these also re-
quired an additional UCS and memory extension was not probed.
With punishment, memory can be so robust that extension is
hard to measure (Izquierdo et al. 2000). This is an advantage of
our model, where single-trial training just produces 24 h memory,
while multiple trials lead to longer memory (Woo and Leon 1987),
permitting us to relate memory extension to altered molecular
events within the olfactory bulb.

We hypothesize that these changes in molecular activity
would alter synaptic strength in order to cause memory formation

and extension. Activating PKA can
deliver AMPA receptors to the synapse
(Zheng and Keifer 2009), increase excit-
ability of existing synapses (Banke et al.
2000; Bocchiaro et al. 2003; Han and
Whelan 2009), and activate silent syn-
apses (Ma et al. 1999). Investigation of
synaptic changes between the olfactory
nerve and mitral cells within odor-
learning areas (Sullivan and Leon 1987;
Sullivan et al. 1989, 1991; McLean et al.
1999) could illuminate the cellular mod-
ifications required for memory forma-
tion and extension.

Intermediate-term and long-term

memories, but not short-term

memory, depend on PKA activation
PKA activation within the olfactory
bulbs did not appear to be sufficient or
necessary for short-term odor-preference
memory. Inhibiting PKA activity inhibit-
ed intermediate-term and long-term
memory, but not short-term memory. It
is possible that if we had given a higher
concentration of the PKA inhibitor, there
might have been an effect on 3-h memo-
ry. However, activating PKA reinforced
the results of inhibiting PKA as it generat-
ed intermediate-term and long-term
memory without short-term memory.
Work in both invertebrate (Romano
et al. 1996; Muller and Carew 1998; Fiala
et al. 1999; Michel et al. 2008) and verte-
brate (Abel et al. 1997; Bernabeu et al.
1997; Izquierdo et al. 2000; Jentsch et al.
2002; Locatelli et al. 2002; Sharifzadeh
et al. 2005; Ma et al. 2009) memory
models have shown that PKA activity is

implicated selectively in long-term memory. Some forms of inter-
mediate-term memory are PKA dependent within invertebrates
(Sutton and Carew 2000; Sutton et al. 2001), but this is the first
demonstration in an associative mammalian memory model.
Knowing our intermediate-term memory is translation dependent
(Grimeset al. 2011) suggests thatPKAcouldbean importantkinase
for regulating translation within the olfactory bulb. PKA has been
found to regulate local translation in the hippocampus (Nayak
et al. 1998), possibly through its regulation of elongation factors
(Sutton and Schuman 2005).

Other short-term mammalian memory models reinforce
the present pattern of results in demonstrating that PKA activity
is not required for short-term memory (Abel et al. 1997;
Goosens et al. 2000; Schafe and LeDoux 2000; Koh et al. 2003),
but there is some support for PKA in short-term memory
(Vianna et al. 2000; Runyan and Dash 2005) An alternative mech-
anism to covalent modification of existing proteins by PKA is
the activation of calcium pathways. Ca2+/calmodulin-dependent
kinase 2 (CaMK2) has autophosphorylating capabilities (Miller
and Kennedy 1986; Rich and Schulman 1998; Yang and Schul-
man 1999; Lisman et al. 2002) and can cause receptor insertion
(Hayashi et al. 2000; Lisman and Zhabotinsky 2001), traffick-
ing (Hayashi et al. 2000; Lisman et al. 2002; Malinow and Mal-
enka 2002), and phosphorylation at Ser831 of the AMPA
receptor (Barria et al. 1997a,b; Mammen et al. 1997; Derkach
et al. 1999). Unpublished data from our laboratory demonstrate

Figure 3. Olfactory bulb infusion of Rp-cAMPs decreases PKA immunohistochemical activity across
multiple layers of the olfactory bulb. (A,C) Pups received an olfactory bulb infusion of saline in
one bulb and Rp-cAMPs in the other bulb 10 min after a s.c. injection of 2 mg/kg isoproterenol
(Iso). They were sacrificed 10 min after odor training, which is the time point of significant increase
in PKA activity (Fig. 1). A repeated measures ANOVA F(5,3) ¼ 93.032, P , 0.0001 and Bonferroni post
hoc test comparing the density of immunoreactivity in the bulbs between conditions revealed a sig-
nificant decrease in PKA activity in the glomerular layer (gl, n ¼ 4, [∗∗∗] P , 0.001), mitral cell layer
(mcl, n ¼ 4, [∗∗∗] P , 0.001), and granule cell layer (gcl, n ¼ 4, [∗∗∗] P , 0.001). (B,D) Supra-
optimal b-adrenoceptor activation (6 mg/kg Iso) also produced visible reduction in PKA activity ipsilat-
eral to the Rp-cAMPs infusion. The reduction was found to be significant using a repeated measures
ANOVA F(5,3) ¼ 35.154, P , 0.0001 and Bonferroni post hoc test revealing a decrease in PKA activity
in the glomerular layer (gl, n ¼ 4, [∗∗] P , 0.01), mitral cell layer (mcl, n ¼ 4, [∗∗] P , 0.01), and
granule cell layer (gcl, n ¼ 4, [∗] P , 0.05). Error bars are SEM. Scale bar, 200 mM.
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a causal role for this kinase in odor-preference memory and is
activated earlier than PKA. The involvement of autophosphory-
lated CaMK2 in short-term memory has been shown in other
memory models (Zhao et al. 1999; Takahashi et al. 2009; Antonov
et al. 2010).

Another possibility for short-term memory support and/or
for the long-term memory seen with higher doses of isoprotere-
nol, both occurring in the presence of PKA inhibition, is the acti-
vation of Epac (exchange protein activated by cAMP). Epac is
activated by cAMP increases (de Rooij et al. 1998; Kawasaki et al.
1998) and activates RAP-1 and increases the phosphorylation of
mitogen-activated protein kinase (MAPK) (de Rooij et al. 1998;
Morozov et al. 2003; Gelinas et al. 2008; Ma et al. 2009). Epac
can initiate a cellular model of short-term memory, early phase
LTP (Gelinas et al. 2008), and MAPK, and is also implicated in
some forms of short-term mammalian memory (Igaz et al.
2006). Thus, an increase in the activities of the MAPK pathway
through b-adrenceptor activation, and the calcium pathway
through novel odor exposure, could be responsible for memories
occurring in the presence of PKA inhibition.

The role of CREB

Mammalian memory models have dem-
onstrated the requirement for the phos-
phorylation of CREB, for long-term but
not short-term memory (Bourtchuladze
et al. 1994; Guzowski and McGaugh
1997; Kogan et al. 1997; Lamprecht
et al. 1997; Josselyn et al. 2001; Pittenger
et al. 2002). The examination of CREB
phosphorylation in the olfactory bulbs
here also suggests that this transcription
factor is required for long-term, but not
short-term memory formation. The res-
cuing of long-term memory in the pres-
ence of bulbar Rp-cAMPS through
increased b-adrenoceptor activation by
6 mg/kg of isoproterenol is accompanied
by increased CREB phosphorylation
10 min after learning, when PKA activity
is inhibited. Increased CREB phosphory-
lation does not occur with the higher
dose of isoproterenol in the absence of
PKA inhibition (Yuan et al. 2000). Two
explanations might be considered. We
had previously suggested that excessive
PKA activation might preferentially re-
cruit phosphatases, leading to a net
dephosphorylation of critical substrates
like pCREB (Yuan et al. 2003a). Limiting
PKA increases might reduce this effect.
While Rp-cAMPs inhibits the PKA activi-
ty produced relative to saline, we did not
compare the levels of PKA relative to
2-mg/kg infusions. Alternatively, another
molecular pathway could be responsible
for the CREB phosphorylation observed.
We know cAMP levels are linearly in-
creased over time with 6 mg/kg of isopro-
terenol (Cui et al. 2007). It is possible that
this could increase Epac activity and
stimulate MAPK. Such a parallel pathway
could restore the phosphorylation of
CREB and long-term memory while
PKA is inhibited. It would not suffice,
however, if phosphatases were active as

hypothesized in our normal 6-mg/kg isoproterenol nonlearning
condition. Since 5-h intermediate-term memory was not restored
by increased b-adrenoceptor activation, Epac would not be hy-
pothesized to have a role in initiating intermediate-term memory
under this hypothesis. CREB phosphorylation is likely driving
intermediate-term memory, consistent with its dependence on
translation, not transcription.

This study is the first to show that PKA itself can act as an un-
conditioned stimulus. PKA-triggered learning is strongly predict-
ed by our assumptions about the cAMP/PKA/initiates learning
at a critical threshold and extends memory. Somewhat unexpect-
edly, there was no suggestion of an inverted U curve at the doses of
the unconditioned stimulus, isoproterenol, that we used.

The pattern of expressed memories in our experiments sup-
ports the view that memory is supported by parallel processes.
Sequential “consolidation” formulations cannot account for the
independence of memory expression seen here. Each memory
phase could be separately elicited in the absence of the others.
This pattern of outcomes argues that there is still considerable pro-
gress to be made in our understanding of memory creation.

Figure 4. Olfactory bulb infusion of Rp-cAMPs decreases the phosphorylation of CREB (pCREB) im-
munohistochemical expression across multiple layers of the olfactory bulb (A,C). However, pCREB is el-
evated when long-term memory is rescued by increased b-adrenoceptor activation (B,D). (A,C) Pups
received an olfactory bulb infusion of saline in one bulb and Rp-cAMPs in the other bulb 10 min
after a s.c. injection of 2 mg/kg isoproterenol. Pups were sacrificed 10 min after training, which is
the time point of significant bulbar pCREB increase (McLean et al. 1999). Olfactory bulb sections
were subsequently processed for pCREB immunohistochemistry. A repeated measures ANOVA
F(5,4) ¼ 15.036, P , 0.0001 and Bonferroni post hoc test comparing the Rp-cAMPs-infused olfactory
bulb with the saline-infused olfactory bulb revealed a significant decrease in pCREB expression in the
glomerular layer (gl, n ¼ 5, [∗] P , 0.05), mitral cell layer (mcl, n ¼ 5, [∗∗] P , 0.01), and granule
cell layer (gcl, n ¼ 5, [∗∗] P , 0.01). (B,D) When we examined increased b-adrenoceptor activation
that rescued long-term memory, there was an elevation in the phosphorylation of CREB. Pups under-
went the same procedure as described above (A), except they received a s.c. injection of 6 mg/kg of
isoproterenol instead of 2 mg/kg. A repeated measures ANOVA F(5,4) ¼ 18.498, P , 0.0001 and
Bonferroni post hoc test comparing the Rp-cAMPs-infused olfactory bulb to the saline-infused olfactory
bulb revealed a significant increase in CREB phosphorylation in the glomerular layer (gl, n ¼ 5, [∗∗] P ,

0.01), mitral cell layer (mcl, n ¼ 5, [∗∗] P , 0.01), and granule cell layer (gcl, n ¼ 5, [∗∗] P , 0.01). Error
bars are SEM. Scale bar, 200 mM.
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Materials and Methods

Animals
Sprague-Dawley rat pups of both sexes were used. The dams were
maintained under a 12-h light/dark cycle, with ad libitum access
to food and water. The litters were culled to 12 pups on postnatal
day 1 (PND1). No more than one male and one female pup were
used for each condition per litter. All experimental procedures
were approved by the Memorial University Institutional Animal
Care Committee.

Experimental design

Cannula surgery

On PND5, pups underwent guide cannula placement surgery. The
guide cannula was constructed of two 23-gauge/6-mm long
stainless-steel tubes (Small Parts, Inc.) set in dental acrylic (Lang
Dental) 2 mm apart. Each pup was anesthetized by hypothermia
and then placed in an ice bath in a stereotaxic apparatus
(Rumsey et al. 2001). A sagittal incision
of the scalp was made from the snout to
approximately the level of the lamboid
suture. Two holes were drilled through
the skull over the olfactory bulbs and
the dura was removed gently with fine
forceps. The guide cannula was lowered
into place as each olfactory bulb had a
stainless-steel cannula resting on the
top of it. The guide cannula was held in
place while it was secured to an upside
plastic screw glued to the skull using den-
tal acrylic. The animal was removed from
the ice bath and placed on a heating pad,
where its scalp was sutured around the
cannula. When the pup was resuscitated,
bitter apple biting deterrent (Grannick’s
Bitter Apple Company) was applied to
the sutures and cannula to prevent the
dam from biting at the area. The pup
was then placed back with the dam.

Odor-preference learning

Experiments were completed in a sound-
proof dimly lit room with a temperature

of 27˚C. On PND6, the pups underwent
odor-preference training. The training
started with the pup receiving a subcuta-
neous (s.c.) injection of either saline or
isoproterenol (2 mg/kg or 6 mg/kg,
Sigma). Thirty minutes after the s.c. in-
jection of saline or isoproterenol, the
pup was removed from the dam and
placed in a clean weigh boat for 10 min.
The pup was then placed on pepper-
mint-scented bedding (500 mL of bed-
ding containing 300 mL of peppermint
extract, and allowed to air out for 5–
10 min for the evaporation of alcohols)
for 10 min, where it was allowed to freely
move. After the odor exposure, the pup
was placed back with the dam.

Inhibiting PKA during odor-preference learning

Pups underwent odor-preference learn-
ing as described above, except that
10 min after the isoproterenol or saline
injection, the animal received a 1-mL in-
fusion of either saline or Rp-cAMPs
(22 mM ¼ 10 mg/mL, dissolved in saline,
Sigma) into both olfactory bulbs. This
concentration of the PKA inhibitor was

chosen as it was in the mid-range of effective concentrations
used in previous studies investigating fear learning (Schafe and
LeDoux 2000; Roozendaal et al. 2002). The infusion was adminis-
tered by lowering a 30-gauge/7-mm long stainless-steel infusion
cannula into each of the guide cannula. The infusion cannula
was attached to polyethylene tubing, which was, in turn, connect-
ed to a 10-mL Hamilton syringe (Hamilton Company). One micro-
liter of solution was infused into each olfactory bulb over a 4-min
period. The infusion cannulae were left in the guide cannulae for
an additional 2 min to allow the solution to diffuse throughout
the olfactory bulb. The animal was placed back with the dam after
the olfactory bulb infusion.

Activating PKA to generate odor-preference learning

On PND6, odor-preference training started with the pups receiv-
ing an olfactory bulb infusion (described above) of either saline
or Sp-cAMPs (4.5, 9, 18, or 36 mg/0.5 mL, dissolved in saline,
Alexis Biochemicals). Twenty minutes later, the pup was placed
on peppermint-scented bedding (described above) for 10 min,

Figure 5. Activating PKA as an UCS generated 5-h intermediate-term and 24-h long-term memory,
without 3-h short-term memory. Pups received a bilateral olfactory bulb infusion of Sp-cAMPs (PKA
agonist) 20 min before odor exposure. (A) Pups were tested 3 h after training for short-term odor-
preference memory. A one-way ANOVA F(4,28) ¼ 1.657, P ¼ 0.188; n ¼ 6–7 and Dunnett’s post hoc
test comparing experimental groups with the saline nonlearning control revealed that activating PKA
in the olfactory bulbs is not sufficient to generate short-term memory. The examination of intermediate-
term at 5 h (B) and long-term memory at 24 h (C) demonstrated opposite results. (B) One-way ANOVA
F(4,28) ¼ 37.686, P , 0.0001; n ¼ 6–7 and Dunnett’s post hoc test comparing experimental groups
with the saline nonlearning control for 5-h intermediate-term memory revealed that the three higher
doses of Sp-cAMPs produced odor-preference memory. (C) One way ANOVA F(4,26) ¼ 53.759, P ,

0.0001; n ¼ 5–7 and Dunnett’s post hoc test comparing experimental groups with the saline nonlearn-
ing control for 24-h long-term memory similarly revealed that activating PKA within the olfactory bulbs
as an UCS at all three higher doses was adequate to generate 24-h long-term memory. No inverted
U-curve response occurred with increasing Sp-cAMPs concentration. (∗∗) P , 0.01. Error bars are SEM.

Figure 6. Increased PKA activity as an UCS generated memory extension that lasted 72 h after learn-
ing. Pups received an olfactory bulb infusion of Sp-cAMPs 20 min before odor exposure. (A) Pups tested
48 h after training exhibited an odor preference if given the two highest doses of Sp-cAMPs. A one-way
ANOVA F(4,21) ¼ 22.143, P , 0.0001; n ¼ 4–6 and Dunnett’s post hoc test comparing experimental
groups to the saline nonlearning control revealed that increased PKA activity in the olfactory bulbs ex-
tended normal 24-h long-term memory. (B) Pups tested 72 h after training also demonstrated memory
extension at the two highest doses of Sp-cAMPs. Again, a one-way ANOVA F(4,24) ¼ 21.947, P ,

0.0001; n ¼ 5–7 and Dunnett’s post hoc test comparing experimental groups to the saline nonlearn-
ing control revealed a significant odor-preference. (C) However, memory extension was not seen 96 h
after training with these doses. A one-way ANOVA (F(4,25) ¼ 0.3751, P ¼ 0.8241; n ¼ 5–8 per group)
was not significant. (∗∗) P , 0.01. Error bars are SEM.
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where it was allowed to freely move. After odor exposure, the pup
was returned to the dam.

Odor-preference testing

For PKA inhibition studies, pups were tested 3, 5, or 24 h after odor
exposure for short, intermediate, and long-term odor-preference
memory, respectively. With PKA activation studies, pups were
tested 3, 5, 24, 48, 72, or 96 h after odor exposure for short, inter-
mediate, long-term, and extension of odor-preference memory,
respectively. Each pup was tested at one time point only. The
pup was removed from the dam and placed in a clean weigh
boat and transferred to a separate testing room that was dimly
lit, 27˚C, and sound proof. The animal was lowered into the test-
ing chamber, which consisted of a stainless-steel box with a small
grid floor that was covered in a 1000-mm polypropylene mesh
(Small Parts Inc.) that was separated into two halves by a small
neutral zone (no bedding underneath). One-half of the floor lay
over natural bedding, while the other half lay over peppermint-
scented bedding. The animal was placed into the neutral zone
and the examiner recorded the time the animal spent over the
peppermint-scented bedding compared with the natural bedding
for a total of 1 min. The animal was given five 1-min trials, switch-
ing the direction (away or toward the examiner) the animal faced
each time.

Sample collection/PKA activity assay

The pups were given the odor-preference learning procedure.
The animals were then killed by decapitation at five different
time points (immediately before odor exposure, 5 min into odor
exposure, immediately after odor exposure, 5 min after odor expo-
sure, and 10 min after odor exposure). The olfactory bulbs were
removed from the skull within 2 min of decapitation, frozen on
dry ice, and stored at 280˚C in microcentrifuge tubes until
they were assayed for PKA activity. Olfactory bulbs were homoge-
nized in a microcentrifuge tube with 100 mL of ice-cold extraction
buffer (PBS containing 1 mM EGTA, 1 mM EDTA, 0.01% Triton
X-100, 5 mM DTT, 0.5 mM PMSF, 10 mg/mL Chymostatin,
10 mg/mL Leupeptin, 10 mg/mL Antipain, 10 mg/mL Pepstatin,
and 10 mg/mL Aprotinin) using a tissue grinder. The tubes were
quickly vortexed and stored on ice, then transferred to a rotator
at 4˚C for 30 min. The tubes were then centrifuged at 14,000
RPM for 15 min. The supernatant solution was carefully trans-
ferred to a clean centrifuge tube and stored on ice, while the pellet
was discarded. The protein content of the supernatant solutions
was assayed using a Bicinchoninic Acid protein assay kit (Pierce).
PKA content was normalized by protein content in each sample.
PKA activity in the supernatant was measured by using a PKA ac-
tivity assay kit (Millipore/Upstate). Briefly, 20 mg of protein from
the supernatant was mixed in a microcentrifuge tube with Kemp-
tide, PKC/CaMK inhibitor cocktail, and Magnesium/ATP cocktail
containing [g-32P]ATP. Background controls contained every-
thing except the supernatant, while negative samples contained
everything plus PKA inhibitor cocktail (PKI). Each sample was in-
cubated at 30˚C for 5 min and assayed in duplicate by blotting the
mixture on P81 paper squares (Clegg et al. 1987). The paper
squares were washed 5 × 2 min in 0.75% phosphoric acid and al-
lowed to air dry for 90 min. The squares were then submerged in
scintillation fluid in scintillation tubes and read in a scintillation
counter for the counts per minute (CPM). PKA activity (expressed
as pmol [g-32P]ATP/min/mg of protein) was calculated relative to
the background activity without added supernatant (Isiegas et al.
2006).

Immunohistochemistry

Pups underwent cannula surgery and the odor-preference learn-
ing (2 mg/kg, 6 mg/kg Iso or saline) procedures as described
above. However, during the olfactory bulb infusion, the pup
received Rp-cAMPs (22 mM) in one olfactory bulb, while being
given saline in the other olfactory bulb. Each pup was perfused
10 min after the peppermint odor exposure, as this was

determined to be a critical time point for the phosphorylation
of CREB (McLean et al. 1999; Yuan et al. 2000) and the increase
in PKA activity. The perfusion procedure was completed as previ-
ously reported by this lab (McLean et al. 1999). Immunohisto-
chemical procedures followed a standard protocol for this labora-
tory as published previously (McLean et al. 1999; Yuan et al.
2003b). Briefly, 30-mm sections were melted on slides with two al-
ternating slide sets collected. Rabbit phosphorylated CREB
(Ser133, Cell Signaling Technology) and phosphorylated PKA sub-
strate (Cell Signaling Technology) antibodies were diluted to
1:500 or 1:1000 in 0.1 M phosphate buffered saline with 0.2% Tri-
ton X-100, 0.02% sodium azide, and 2% normal goat serum and
placed on the tissue for 48 h in a humidified chamber at 4˚C.
The tissue was removed from the cold room and processed further
using the avidin–biotin complex technique (Vectastain Elite, Vec-
tor Labs). All sections from the same experiment had identical
incubation times in the antibodies and identical exposure to chro-
mogen solutions.

Image analysis
The density of pCREB staining was analyzed using a Bioquant im-
age analysis system (R&M Biometrics). Slides were coded so that
the observer was blind to the experiment. The glomerular, mitral
cell, and granule cell layers were encircled by visualizing sections
of the olfactory bulb on a computer screen using a 4X objective on
a Leitz microscope connected to a CCD camera. Light intensity
from the microscope was always set at an optical density (OD)
of 220. Background correction was performed to provide an
even field of illumination. Relative optical density was deter-
mined by the optical density of the background region (reading
taken from the olfactory nerve layer), less the area of interest on
the tissue (i.e., glomerular, mitral cell, or granule cell layer), divid-
ed by the optical density of the background tissue. The relative op-
tical density was obtained from all regions of the main olfactory
bulb.

Statistical analysis
A one-way analysis of variance (ANOVA) was used in the animal
behavior analysis to compare drug effects. A Dunnett’s post hoc
analysis was used to compare the various behavioral training
groups with the nonlearning saline control group. For the PKA ac-
tivity assay, the isoproterenol experimental groups were normal-
ized to the saline control within the same time point and
analyzed using a one sample t-test. For the relative optical density
analysis of immunohistochemistry, a repeated measures ANOVA
was used, followed by Bonferroni post hoc analysis. Statistical sig-
nificance was taken as P , 0.05 for all tests.

Acknowledgments
This work was supported by a grant to J.H.M. and C.W.H. from
CIHR (MOP 53761).

References
Abel T, Kandel ER. 1998. Positive and negative regulatory mechanisms that

mediate long-term memory storage. Brain Res Rev 26: 360–378.
Abel T, Nguyen PV. 2008. Regulation of hippocampus-dependent memory

by cyclic AMP-dependent protein kinase. Prog Brain Res 169: 97–115.
Abel T, Nguyen PV, Barad M, Deuel TA, Kandel ER, Bourtchouladze R. 1997.

Genetic demonstration of a role for PKA in the late phase of LTP and in
hippocampus-based long-term memory. Cell 88: 615–626.

Ahn SM, Choe ES. 2009. Activation of group I metabotropic glutamate
receptors increases serine phosphorylation of GluR1
a-amino-3-hydroxy-5-methylisoxazole-4-propionic acid receptors in
the rat dorsal striatum. J Pharmacol Exp Ther 329: 1117–1126.

Antonov I, Kandel ER, Hawkins RD. 2010. Presynaptic and postsynaptic
mechanisms of synaptic plasticity and metaplasticity during
intermediate-term memory formation in Aplysia. J Neurosci 30:
5781–5791.

Arias J, Alberts AS, Brindle P, Claret FX, Smeal T, Karin M, Feramisco J,
Montminy M. 1994. Activation of cAMP and mitogen responsive genes
relies on a common nuclear factor. Nature 370: 226–229.

PKA activity in mammalian olfactory memory

www.learnmem.org 113 Learning & Memory

 Cold Spring Harbor Laboratory Press on February 4, 2013 - Published by learnmem.cshlp.orgDownloaded from 

http://learnmem.cshlp.org/
http://www.cshlpress.com


Banke TG, Bowie D, Lee H, Huganir RL, Schousboe A, Traynelis SF. 2000.
Control of GluR1 AMPA receptor function by cAMP-dependent protein
kinase. J Neurosci 20: 89–102.

Barco A, Bailey CH, Kandel ER. 2006. Common molecular mechanisms in
explicit and implicit memory. J Neurochem 97: 1520–1533.

Barria A, Derkach V, Soderling T. 1997a. Identification of the Ca2+/
calmodulin-dependent protein kinase II regulatory phosphorylation
site in the a-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate-type
glutamate receptor. J Biol Chem 272: 32727–32730.

Barria A, Muller D, Derkach V, Griffith LC, Soderling TR. 1997b. Regulatory
phosphorylation of AMPA-type glutamate receptors by CaM-KII during
long-term potentiation. Science 276: 2042–2045.

Bernabeu R, Bevilaqua L, Ardenghi P, Bromberg E, Schmitz P, Bianchin M,
Izquierdo I, Medina JH. 1997. Involvement of hippocampal cAMP/
cAMP-dependent protein kinase signaling pathways in a late memory
consolidation phase of aversively motivated learning in rats. Proc Natl
Acad Sci 94: 7041–7046.

Bocchiaro CM, Saywell SA, Feldman JL. 2003. Dynamic modulation of
inspiratory drive currents by protein kinase A and protein phosphatases
in functionally active motoneurons. J Neurosci 23: 1099–1103.

Bourtchuladze R, Frenguelli B, Blendy J, Cioffi D, Schutz G, Silva AJ. 1994.
Deficient long-term memory in mice with a targeted mutation of the
cAMP-responsive element-binding protein. Cell 79: 59–68.

Brightwell JJ, Smith CA, Neve RL, Colombo PJ. 2007. Long-term memory
for place learning is facilitated by expression of cAMP response
element-binding protein in the dorsal hippocampus. Learn Mem 14:
195–199.

Clegg CH, Correll LA, Cadd GG, McKnight GS. 1987. Inhibition of
intracellular cAMP-dependent protein kinase using mutant genes of
the regulatory type I subunit. J Biol Chem 262: 13111–13119.

Colombo PJ, Brightwell JJ, Countryman RA. 2003. Cognitive
strategy-specific increases in phosphorylated cAMP response
element-binding protein and c-Fos in the hippocampus and dorsal
striatum. J Neurosci 23: 3547–3554.

Cui W, Smith A, Darby-King A, Harley CW, McLean JH. 2007. A
temporal-specific and transient cAMP increase characterizes odorant
classical conditioning. Learn Mem 14: 126–133.

Cui W, Darby-King A, Grimes MT, Howland JG, Wang YT, McLean JH,
Harley CW. 2011. Odor-preference learning and memory modify
GluA1 phosphorylation and GluA1 distribution in the neonate rat
olfactory bulb: Testing the AMPA receptor hypothesis in an appetitive
learning model. Learn Mem 18: 283–291.

de Rooij J, Zwartkruis FJ, Verheijen MH, Cool RH, Nijman SM,
Wittinghofer A, Bos JL. 1998. Epac is a Rap1 guanine-
nucleotide-exchange factor directly activated by cyclic AMP. Nature
396: 474–477.

Delghandi MP, Johannessen M, Moens U. 2005. The cAMP signalling
pathway activates CREB through PKA, p38 and MSK1 in NIH 3T3 cells.
Cell Signal 17: 1343–1351.

Dell’Acqua ML, Scott JD. 1997. Protein kinase A anchoring. J Biol Chem
272: 12881–12884.

Derkach V, Barria A, Soderling TR. 1999. Ca2+/calmodulin-kinase II
enhances channel conductance of a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionate type glutamate receptors. Proc Natl Acad Sci
96: 3269–3274.

Fiala A, Muller U, Menzel R. 1999. Reversible downregulation of protein
kinase A during olfactory learning using antisense technique impairs
long-term memory formation in the honeybee, Apis mellifera. J Neurosci
19: 10125–10134.

Gelinas JN, Banko JL, Peters MM, Klann E, Weeber EJ, Nguyen PV. 2008.
Activation of exchange protein activated by cyclic-AMP enhances
long-lasting synaptic potentiation in the hippocampus. Learn Mem 15:
403–411.

Glantz SB, Amat JA, Rubin CS. 1992. cAMP signaling in neurons: Patterns of
neuronal expression and intracellular localization for a novel protein,
AKAP 150, that anchors the regulatory subunit of cAMP-dependent
protein kinase II b. Mol Biol Cell 3: 1215–1228.

Goosens KA, Holt W, Maren S. 2000. A role for amygdaloid PKA and PKC in
the acquisition of long-term conditional fear memories in rats. Behav
Brain Res 114: 145–152.

Grimes MT, Smith M, Li X, Darby-King A, Harley CW, McLean JH. 2011.
Mammalian intermediate-term memory: New findings in neonate rat.
Neurobiol Learn Mem 95: 385–391.

Guzowski JF, McGaugh JL. 1997. Antisense oligodeoxynucleotide-
mediated disruption of hippocampal cAMP response element binding
protein levels impairs consolidation of memory for water maze
training. Proc Natl Acad Sci 94: 2693–2698.

Han P, Whelan PJ. 2009. Modulation of AMPA currents by D(1)-like but not
D(2)-like receptors in spinal motoneurons. Neuroscience 158:
1699–1707.

Hayashi Y, Shi SH, Esteban JA, Piccini A, Poncer JC, Malinow R. 2000.
Driving AMPA receptors into synapses by LTP and CaMKII:

Requirement for GluR1 and PDZ domain interaction. Science 287:
2262–2267.

Igaz LM, Winograd M, Cammarota M, Izquierdo LA, Alonso M, Izquierdo I,
Medina JH. 2006. Early activation of extracellular signal-regulated
kinase signaling pathway in the hippocampus is required for short-term
memory formation of a fear-motivated learning. Cell Mol Neurobiol 26:
989–1002.

Isiegas C, Park A, Kandel ER, Abel T, Lattal KM. 2006. Transgenic inhibition
of neuronal protein kinase A activity facilitates fear extinction. J
Neurosci 26: 12700–12707.

Izquierdo LA, Barros DM, Ardenghi PG, Pereira P, Rodrigues C, Choi H,
Medina JH, Izquierdo I. 2000. Different hippocampal molecular
requirements for short- and long-term retrieval of one-trial avoidance
learning. Behav Brain Res 111: 93–98.

Jentsch JD, Olausson P, Nestler EJ, Taylor JR. 2002. Stimulation of protein
kinase a activity in the rat amygdala enhances reward-related learning.
Biol Psychiatry 52: 111–118.

Josselyn SA, Shi C, Carlezon WA Jr, Neve RL, Nestler EJ, Davis M.
2001. Long-term memory is facilitated by cAMP response
element-binding protein overexpression in the amygdala. J Neurosci 21:
2404–2412.

Kasowski HJ, Kim H, Greer CA. 1999. Compartmental organization of the
olfactory bulb glomerulus. J Comp Neurol 407: 261–274.

Kawasaki H, Springett GM, Mochizuki N, Toki S, Nakaya M, Matsuda M,
Housman DE, Graybiel AM. 1998. A family of cAMP-binding proteins
that directly activate Rap1. Science 282: 2275–2279.

Kogan JH, Frankland PW, Blendy JA, Coblentz J, Marowitz Z, Schütz G,
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