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ABSTRACT: The nitric oxide (NO)/soluble guanylyl cyclase (sGC)/
protein kinase G (PKG) pathway is important for memory processing,
but the identity of its downstream effectors as well as its actual partici-
pation in the consolidation of nonaversive declarative long-term mem-
ory (LTM) remain unknown. Here, we show that training rats in an
object recognition (OR) learning task rapidly increased nitrites/nitrates
(NOx) content in the CA1 region of the dorsal hippocampus while post-
training intra-CA1 microinfusion of the neuronal NO synthase (nNOS)
inhibitor L-NN hindered OR LTM retention without affecting memory
retrieval or other behavioral variables. The amnesic effect of L-NN was
not state dependent, was mimicked by the sGC inhibitor LY83583 and
the PKG inhibitor KT-5823, and reversed by coinfusion of the NO donor
S-nitroso-N-acetylpenicillamine (SNAP) and the PKG activator 8-bromo-
guanosine 30,50-cyclic monophosphate (8Br-cGMP). SNAP did not affect
the amnesic effect of LY83583 and KT-5823. Conversely, 8Br-cGMP
overturned the amnesia induced by LY83583 but not that caused by
KT-5823. Intra-CA1 infusion of the b-adrenergic receptor blocker timo-
lol right after training hindered OR LTM and, although coadministration
of noradrenaline reversed the amnesia caused by L-NN, LY83583, and
KT5823, the amnesic effect of timolol was unaffected by coinfusion of
8Br-cGMP or SNAP, indicating that hippocampal b-adrenergic receptors
act downstream NO/sGC/PKG signaling. We also found that posttrain-
ing intra-CA1 infusion of function-blocking anti-brain-derived neurotro-
phic factor (BDNF) antibodies hampered OR LTM retention, whereas
OR training increased CA1 BDNF levels in a nNOS- and b-adrenergic
receptor-dependent manner. Taken together, our results demonstrate
that NO/sGC/PKG signaling in the hippocampus is essential for OR
memory consolidation and suggest that b-adrenergic receptors link the
activation of this pathway to BDNF expression during the consolidation
of declarative memories. VVC 2009 Wiley-Liss, Inc.
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INTRODUCTION

As far as long-term memory (LTM) is concerned,
there is evidence for different kinds of representations.
In this context, declarative, or explicit, memory is
defined as the memory for facts and events and is of-
ten divided into episodic (memory for events within
one’s own life) and semantic memory (general knowl-
edge about aspects of the world). Information about
sensorial, spatial, and contextual attributes of previ-
ously encountered objects are important elements of
most declarative memories. Indeed, difficulty to recog-
nize familiar items or to discriminate them from novel
ones is one of the early symptoms of cognitive decline
in Alzheimer’s disease (AD; Laatu et al., 2003; Lee
et al., 2003; Dudas et al., 2005; Budson et al., 2005).
For these and other reasons, learning paradigms based
upon object recognition (OR) are key to understand
the neurobiology of declarative memory (Winters
et al., 2008).

Functional integrity of the medial temporal lobe,
including the hippocampus, the amygdala and the
entorhinal, perirhinal, and parahippocampal cortices,
is essential for OR memory processing (Ennaceur and
Delacour, 1988; Logothetis and Sheinberg, 1996;
Clark et al., 2000; Riesenhuber and Poggio, 2002). In
particular, lesion and pharmacological studies suggest
that the hippocampal formation is required for acqui-
sition and storage of information regarding contextual
details and the temporal order of previous experiences
(Balderas et al., 2008). However, very little is known
at the molecular level about the mechanisms contrib-
uting to OR LTM consolidation in the hippocampus.

Nitric oxide (NO) is a highly diffusible gas synthe-
sized from L-arginine by a group of enzymes known
as NO synthases [NOS1–3; also referred to as neuro-
nal NOS, or nNOS, endothelial NOS, or eNOS, and
inducible NOS, or iNOS, respectively]. In the central
nervous system NO acts as a retrograde messenger to
regulate neurotransmitter and neuropeptide release in
an activity-dependent manner (Hanbauer et al., 1992;
Son et al., 1996). NO signaling is mostly mediated by
soluble guanylyl cyclase (sGC) (Arnold et al., 1977),
leading to the activation of cGMP-dependent protein
kinase (PKG). PKG, in turn, enhances neurotransmit-
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ter release (Hawkins et al., 1993; 1998) and regulates gene
transcription (Lu et al., 1999; Wang et al., 1999). The NO/
sGC/PKG pathway plays a key role in synaptic plasticity. It is
known that long-term potentiation (LTP) and depression
(LTD) in different regions of the brain require sGC and
PKG activity (Boulton et al., 1995; Chien et al., 2003; Shin
and Linden, 2005; Zhang et al., 2006; Haghikia et al., 2007)
and behavioral and pharmacological studies suggest a causal
link between NO and PKG in memory (Edwards and Rick-
ard, 2007). Thus, peripheral administration of NOS inhibi-
tors impairs (Prickaerts et al., 1997) while NO donors
enhance (Pitsikas et al., 2002) retention of OR short-term
memory (STM). Indeed, abundant evidence indicates that
NOS contributes to the pathogenesis of AD (Chabrier et al.,
1999; Lahiri et al., 2003; Rodrigo et al., 2004; Lüth et al.,
2005; Malinski, 2007; Stepanichev et al., 2008). Degenera-
tion of the locus coeruleus (LC), the main source of norad-
renergic inputs to the hippocampus, is one of the early fea-
tures of AD (Haglund et al., 2006; Weinshenker, 2008).
Although the functional consequences of noradrenaline (NA)
depletion for the progression of AD are not clear, evidence
indicates that administration of b-adrenergic receptors block-
ers exacerbates declarative memory deficits in cognitively
impaired patients (Gliebus and Lippa, 2007), suggesting that
NA signaling is important for explicit memory processing. In
fact, noradrenergic activation of the basolateral amygdala
modulates consolidation of OR memory (Roozendaal et al.,
2008). Because NO regulates NA release in the hippocampus
(Lonart et al., 1992; Lonart and Johnson, 1995; Satoh et al.,
1996), novelty detection increases hippocampal NA release
(Ihalainen et al., 1999), and this catecholamine modulates
the expression of proteins relevant for memory (Kobayashi
and Yasoshima, 2001), including BDNF (Hutter et al., 1996;
Haenisch et al., 2008), we examined the contribution of the
NOS/sGC/PKG cascade in the hippocampus to the consoli-
dation of OR LTM and analyzed the possible functional link
between nNOS activation, NA signaling, and BDNF expres-
sion during this process.

MATERIALS AND METHODS

Surgery and Drug Infusion Procedures

Naive male Wistar rats (3-month-old 250–280 g) raised in
our own facilities or bought at FEPPS (Fundação Estadual de
Produção e Pesquisa em Saúde do Rio Grande do Sul, Porto
Alegre, Brazil) were used. The animals were housed five to a
cage and kept with freely access to food and water under a 12-
h light–dark cycle, with light onset at 7:00 AM. The tempera-
ture of the animal’s room was maintained at 22–248C. To
implant them with indwelling cannulas, rats were deeply
anesthetized with thiopental (i.p., 30–50 mg/kg) and 27-gauge

cannulas stereotaxically aimed to the CA1 region of the dorsal
hippocampus, in accordance with coordinates (A 24.2 L 63.0,
V 1.8) taken from the atlas of Paxinos and Watson (1986).
Animals were allowed to recover from surgery for 4 days before
submitting them to any other procedure. At the time of drug
delivery, 30-gauge infusion cannulas were tightly fitted into the
guides. Infusions (1 ll/side) were carried out over 60 s with an
infusion pump, and the cannulas were left in place for 60 addi-
tional seconds to minimize backflow. The placement of the
cannulas was verified postmortem: 2–4 h after the last behav-
ioral test, 1 ll of a 4% methylene-blue solution was infused as
described earlier, and the extension of the dye 30 min there-
after was taken as an indication of the presumable diffusion of
the vehicle or drug previously given to each animal. Only data
from animals with correct implants were analyzed. All proce-
dures were conducted in accordance with the ‘‘Principles of lab-
oratory animal care’’ (NIH publication No. 85–23, revised
1996). Every effort was made to reduce the number of animals
used and to minimize their suffering.

OR Paradigm

Training and testing in the object recognition (OR) task was
carried out in an open-field arena (50 3 50 3 50 cm) built of
polyvinyl chloride plastic, plywood and transparent acrylic as
described (Myskiw et al., 2008; Rossato et al., 2007). Before
training, animals were habituated to the experimental arena by
allowing them to freely explore it during 20 min per day for 4
days in the absence of any behaviorally relevant stimulus. The
stimulus objects were made of metal, glass, or glazed ceramic.
There were several copies of each object, which were used
interchangeably. Glued to the base of each object was a piece
of Velcro, which was used to fix the object to the floor. The
role (familiar or novel) and the relative position of the two
stimulus objects were counterbalanced and randomly permuted
for each experimental animal. The open field arena and the
stimulus objects were cleaned thoroughly between trials to
ensure the absence of olfactory cues. Exploration was defined as
sniffing or touching the objects with the nose and/or forepaws.
Sitting on or turning around the objects was not considered ex-
ploratory behavior. A video camera was positioned over the
arena, and the rats’ behavior was recorded using a video track-
ing and analysis system for later evaluation. The experiments
were performed by an observer blind to the treatment condi-
tion of the animals.

For training, rats were placed in the open field containing
two different objects and left to freely explore them for 5 min.
The test session was performed 24 h after training. In the test
session, one of the familiar objects was randomly replaced by a
novel one, and rats were reintroduced into the open field for
five additional minutes. The compounds to be tested were
bilaterally infused into the CA1 region of the dorsal hippocam-
pus (1 ll/side) at different times after training. Data were ana-
lyzed using one-sample Student’s t-test.
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One Trial Step-Down Inhibitory Avoidance

Rats were trained in a one-trial, step-down inhibitory avoid-
ance task as previously described (Bevilaqua et al., 2005).
Briefly, the training apparatus was a 50 3 25 3 25 cm plexi-
glass box with a 5 cm-high, 8 cm-wide, and 25-cm long plat-
form on the left end of a series of bronze bars which made up
the floor of the box. For training, animals were gently placed
on the platform facing the left rear corner of the training box.
When they stepped down and placed their four paws on the
grid, received a 2 s, 0.8 mA scrambled footshock. Memory
retention was evaluated in a nonreinforced test session carried
out at 24 h after training. Data were analyzed using ANOVA.

Open Field and Plus Maze

To analyze their exploratory and locomotor activities, the
animals were placed on the left rear quadrant of a 50 3 50 3
39-cm open field with black plywood walls and a brown floor
divided into 12 equal imaginary squares. The number of line
crossings and the number of rearings were measured over 5
min and taken as an indicator of locomotor and exploratory
activities, respectively. To evaluate their anxiety state, rats were
exposed to an elevated plus maze as detailed in Pellow et al.
(1985). The total number of entries into the four arms, the
number of entries, and the time spent into the open arms were
recorded over a 5 min session. Data were analyzed using one-
way ANOVA.

Immunoblot Assays

Animals we killed by decapitation and the CA1 region of
the dorsal hippocampus rapidly dissected out and homogenized
in ice-chilled buffer (20 mM Tris–HCL, pH 7.4, 0.32 M su-
crose, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 10 lg/ml
aprotinin, 15 lg/ml leupeptin, 10 lg/ml bacitracin, 10 lg/ml
pepstatin, 15 lg/ml trypsin inhibitor, 50 mM NaF, and 1 mM
sodium orthovanadate). Protein concentration was determined
using the BCA protein assay (Pierce, Rockford, IL), and equal
amounts of protein were fractionated by SDS–PAGE before
being electrotransferred to polyvinylidene difluoride membranes
(PVDF; Immobilon-P, Millipore, MS). After verification of
protein loading by Ponceau S staining, the blots were blocked
in Tween-Tris buffer saline (TTBS; 100 mm Tris–HCl, pH
7.5, containing 0.9% NaCl and 0.1% Tween 20) and incu-
bated overnight with anti-BDNF antibody (N20, 1:5,000,
Santa Cruz Biotechnology, Santa Cruz, CA). The membranes
were washed in TTBS and incubated with HRP-coupled anti-
IgG antibody, washed again, and the immunoreactivity detected
using the West-Pico enhanced chemiluminescence kit (Pierce,
IL). Densitometric analysis was carried out in an ImageQuant
RT-ECL system (GE, Piscataway, NJ).

Determination of Nitrites/Nitrates Content

Nitrites/nitrates (NOx) content was determined as described
by Tracey et al. (1995) and Grandati et al. (1997). Briefly, the

CA1 region of the dorsal hippocampus was dissected out,
weighed, homogenized in deionized water, and centrifuged at
20,000g for 10 min. Aliquots of the supernatants were com-
bined with a reaction mix containing 0.31 M potassium phos-
phate buffer (pH 7.5), 0.86 mM b-NADPH, 0.11 mM FAD,
and 20 mu of nitrate reductase. Samples were allowed to incu-
bate for 1 h at room temperature in the dark, and the reaction
was halted by adding 1 M ZnSO4. Samples were centrifuged
at 20,000g for 5 min, and the supernatants were removed. One
hundred microliters of Griess reagent (1:1 mixture of 1% sul-
fani-lamide in 5% H3PO4 and 0.1% N-(1-naphytyl)ethylene-
dia-mine) were added to the supernatants and the mixture

FIGURE 1. Posttraining inhibition of nNOS impairs retention
of object recognition long-term memory. A: On day 1 (training),
rats were exposed to two different objects (A and B) for 5 min and
immediately after that received bilateral infusions (1 ll/side) of ve-
hicle (VEH; 0.1% DMSO in saline) or L-NN (0.01–1 lg/side) in
the CA1 region of the dorsal hippocampus. On day 2 (test), ani-
mals were exposed to a familiar (A) and a novel object (C) for five
extra minutes to evaluate long-term memory retention. Data
(mean 6 SEM) are presented as percentage of total exploration
time. ***P < 0.001, **P < 0.01, and *P < 0.05 in one-sample Stu-
dent’s t-test with theoretical mean 5 50; n 5 10 per group. B:
Animals were trained in the OR task (TRA) or submitted to a 5-
min long free exploration session of the training arena in the ab-
sence of stimulus objects (HAB). The animals were killed immedi-
ately after the behavioral procedures and the dorsal CA1 region
dissected out and processed to evaluate nitrite/nitrate content as
described in Materials and Methods section. Data are expressed as
percentage of Naive control values. **P < 0.01 in two-tailed Stu-
dent’s t-test; n 5 9 per group. C: Animals were trained and treated
as in (A) except that L-NN (1 lg/side) was infused 180 min or
360 min posttraining. ***P < 0.001 and *P < 0.05 in one-sample
Student’s t-test with theoretical mean 5 50; n 5 10 per group.

674 FURINI ET AL.

Hippocampus



incubated for 15 min at room temperature. Absorbance was
measured at 540 nm and converted to NO content by using a
nitrate standard curve.

Reagents

Nx-Nitroarginine-2,4-L-diaminobutyric amide di(trifluoroa-
cetate) (L-NN), KT-5,823, 8-bromoguanosine 30,50-cyclic
monophosphate (8Br-cGMP), timolol, and NA were from
Sigma-Aldrich (St Louis, MO). Brain-derived neurotrophic fac-
tor (BDNF) was from Alomone Labs (Jerusalem, Israel). Anti-
BDNF and function blocking anti-BDNF antibody were from
Sigma-Aldrich or from Santa Cruz Biotechnology (Santa Cruz,
CA). 6-Anilino-5,8-quinolinedione (LY83583) and S-nitroso-
acetylpenicillamine (SNAP) were from Calbiochem (La Jolla,
CA). SNAP was prepared right before use. All other drugs were
dissolved in saline or DMSO and stored protected from light
at 2208C until use. Right before that an aliquot was thawed
and diluted to working concentration with 0.1% DMSO in

saline (pH 7.2). The doses used were determined based on
pilot experiments and on previous studies showing the effect of
each compound on learning or behavioral performance (Jouvert
et al., 2004; Watts et al., 2005; Bekinschtein et al., 2008;
Cammarota et al., 2008; Ota et al., 2008; Romieu et al.,
2008).

RESULTS

To analyze the effect of nNOS inhibition on OR LTM, male
Wistar rats were trained in an OR learning task involving expo-
sure to two different novel stimuli objects. Immediately after
training, the animals received bilateral intra-CA1 infusions of
vehicle (VEH; 0.1% DMSO in saline) or of the nNOS inhibi-
tor Nx-nitroarginine-2,4-L-diaminobutyric amide di(trifluoroa-
cetate, L-NN; 0.01–1 lg/side). LTM was evaluated 24 h later.
In the LTM retention test session, the animals were exposed
for 5 min to one of the objects presented during training to-
gether with a novel one. Rats that received VEH or low doses
of L-NN (0.01 and 0.1 lg/side) explored the novel object sig-
nificantly longer than the familiar one (Fig. 1A; t(9) 5 5.49, P
< 0.001 for VEH; t(9) 5 9.27, P < 0.001 for 0.01 lg/side
and t(9) 5 2.47, P < 0.05 for 0.1 lg/side L-NN in one-sample
Student’s t-test with theoretical mean 5 50). On the contrary,
animals that received 1 lg/side L-NN spent the same amount
of time exploring the novel and the familiar object (Fig. 1A),
suggesting that nNOS is necessary early after training for reten-
tion of OR LTM. In agreement with this assertion, OR train-
ing increased NOx content in dorsal CA1 immediately post-
training (Fig. 1B; t(18) 5 3.27, P < 0.01 in two-tailed Stu-
dent’s t-test). No significant effect of L-NN on OR memory
was observed when it was given 180- or 360-min posttraining
(Fig. 1C; t(9) 5 2.43, P < 0.05 for 180 min; t(9) 5 4.85, P <
0.001 for 360 min in one-sample Student’s t-test with

TABLE 1.

Intra-CA1 Administration of L-NN Does Not Affect Exploration in

the OR Paradigm

total exploration time (S)

Training session 49.5 6 3.3

Test session

VEH 50.9 6 4.2

L-NN (0.01 lg/side) 48.3 6 3.9

L-NN (0.1 lg/side) 46.2 6 4.3

L-NN (1 lg/side) 51.1 6 5.7

Total exploration time (S; mean 6 SEM) during training and test sessions for
the animals presented in Figure 1A.

TABLE 2.

Bilateral Intra-CA1 Infusions of L-NN, LY83583, and KT5823 in the CA1 Region of the Dorsal Hippocampus Have No Effect on Locomotor

and Exploratory Activities, Anxiety, or Hippocampal Function

VEH L-NN LY83583 KT5823

Plus maze

Total entries 15.5 6 1.3 14.5 6 1.8 16.2 6 1.9 13.4 6 3.1

% Time in the open arms 40.2 6 3.1 37.6 6 4.8 41.6 6 4.1 35.7 6 2.6

Open field

Crossings 35.9 6 5.2 39.0 6 5.5 38.2 6 4.5 40.3 6 4.8

Rearings 12.2 6 2.5 12.8 6 2.1 11.2 6 1.1 13.4 6 2.5

Inhibitory avoidance

Training step-down latency (S) 10.2 6 1.9 11.5 6 3.1 12.0 6 1.8 14.5 6 1.4

Test step-down latency (S) 201.1 6 30.5 228.7 6 28.9 227.1 6 19.6 213.6 6 23.2

L-NN (1 lg/side), LY83583 (200 ng/side), or KT5823 (200 ng/side) were infused into the CA1 region of the dorsal hippocampus 24 h before an open field, a
plus maze or a training session in step down inhibitory avoidance. Data are expressed as mean (6SEM) of the total number of entries and the percentage of time
spent in the open arms (plus maze; n 5 8 per group), the number of crossings and rearings (open field; n 5 8 per group) and training/test step-down latency (S).
VEH 5 vehicle. A different set of animals was used for each behavioral test.
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theoretical mean 5 50). Importantly, L-NN did not affect total
exploration time during the OR retention test session
(Table 1).

To investigate whether the amnesia caused by L-NN was
actually due to impairment of the consolidation process or
instead it was induced by a delayed action on hippocampal
function, anxiety and/or exploratory activity able to hinder re-
trieval of OR LTM, rats received bilateral intra-CA1 infusions
of L-NN (1 lg/side) 24 h before exposure to a plus maze or
an open field arena. L-NN had no effect in the total number
of entries or in the percentage of time spent in the open arms

during the plus maze session (Table 2; plus maze). Similarly,
L-NN did not affect the number of crossings and rearings dur-
ing a 5-min long free-exploration session of the open field
arena (Table 2; open field). Moreover, when given into dorsal
CA1 24 h before training, L-NN did not affect acquisition or
retention of inhibitory avoidance LTM (Table 2; inhibitory
avoidance), a learning task that requires the functional integrity
of the hippocampal formation (Izquierdo et al., 2006).

The amnesia induced by nNOS inhibition was not due to
state-dependency. Intra-CA1 infusion of L-NN (1 lg/side) im-
mediately after training led to poor OR LTM retention in rats
given either VEH or L-NN 15 min before a test session 24 h
after training (Fig. 2; L-NN/VEH and L-NN/L-NN groups,
respectively; (t(9) 5 0.31, P 5 0.76 for L-NN/VEH; t(9) 5
0.27, P 5 0.79 for L-NN/L-NN in one-sample Student’s t-test
with theoretical mean 5 50). Also note that when L-NN was
given 15 min before the test session to rats that had received
VEH immediately after training, it had no effect on OR LTM
expression (Fig. 2, VEH/L-NN group; t(9) 5 4.49, P < 0.01
in one-sample Student’s t-test with theoretical mean 5 50).

Because the sGC/cGMP/PKG pathway mediates most of the
physiological responses to NO in different experimental prepa-
rations (Bouallegue et al., 2007; Haghikia et al., 2007; Prieto-
Castelló et al., 2007; Spolidório et al., 2007), we studied the
participation of this signaling cascade in OR LTM. Intra-CA1
infusion of the sGC inhibitor 6-anilino-5,8-quinolinedione
(LY83583, 2–200 ng/side; Fig. 3A) or of the PKG inhibitor
KT5823 (1–100 ng/side, Fig. 3B) immediately after training
blocked OR memory retention 24 h later (t(9) 5 3.84, P <
0.01 for 2 ng/side LY83583; t(9) 5 3.06, P < 0.05 for 20 ng/
side LY83583; t(9) 5 0.07, P 5 0.94 for 200 ng/side
LY83583; t(9) 5 10.28, P < 0.001 for 1 ng/side KT5823; t(9)
5 2.69, P < 0.01 for 10 ng/side KT5823 and t(9) 5 0.23,
P 5 0.82 for 100 ng/side KT5823 in one-sample Student’s t-
test with theoretical mean 5 50). LY83583 and KT5823 did
not affect OR LTM when given into CA1 180 or 360-
min posttraining (not shown). Coinfusion of the NO donor
S-nitroso-N-acetylpenicillamine (SNAP; 5 lg/side) did not
affect the amnesia induced by LY83583 and KT5823 but
reversed that caused by L-NN (Fig. 3C; t(9) 5 0.76, P 5 0.47
for LY83583/SNAP; t(9) 5 0.42, P 5 0.68 for KT5823/
KT5823 and t(9) 5 8.35, P < 0.001 for L-NN/SNAP in one-
sample Student’s t-test with theoretical mean 5 50). Con-
versely, coinfusion of the nonhydrolysable analog of cGMP,
8Br-cGMP (5 lg/side) reversed the amnesic effect of L-NN
and LY83583 but not that induced by KT5823 (Fig. 3D; t(9)
5 4.32, P < 0.01 for L-NN/8Br-cGMP; t(9) 5 2.63, P <
0.05 for LY83583/8Br-cGMP and t(9) 5 0.86, P 5 0.41 for
KT5823/8Br-cGMP in one-sample Student’s t-test with theo-
retical mean 5 50). LY83583 and KT5823 did not affect ac-
quisition of IA LTM when given into dorsal CA1 24 h before
training. None of these two drugs modified the number of
crossings and rearings in an open field or changed the number
of entries and the time spent in the open arms of an elevated
plus maze when infused into dorsal CA1 24 h before the re-
spective behavioral session (Table 2).

FIGURE 2. The amnesic effect of L-NN is not due to state-de-
pendency. Rats were exposed to two different objects for 5 min
and immediately after that received bilateral infusions (1 ll/side)
of vehicle (VEH; 0.1% DMSO in saline) or L-NN (1 lg/side) in
the CA1 region of the dorsal hippocampus. After that the animals
were divided in four different groups. Two of the groups (VEH/
VEH and L-NN/VEH) received bilateral intra-CA1 infusions of
VEH and the other two (VEH/L-NN and L-NN/L-NN) received
intra-CA1 L-NN (1 lg/side) 15 min before being exposed to a fa-
miliar (A) and a novel object (C) for five extra minutes to evaluate
LTM retention. Data (mean 6 SEM) are presented as percentage
of total exploration time during the retention test session. **P <
0.01 and *P < 0.05 in one-sample Student’s t-test with theoretical
mean 5 50; n 5 10 per group.
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FIGURE 3. Posttraining inhibition of sGC and PKG in the
CA1 region of the dorsal hippocampus hinders consolidation of
object recognition long-term memory. Effects of SNAP and
8Br-cGMP. On day 1 (training), rats were exposed to two different
objects (A and B) for 5 min and immediately after that received
bilateral intra-CA1 infusions (1 ll/side) of vehicle (VEH; 0.1%
DMSO in saline), (A) the sGC inhibitor LY83583 (LY; 2, 20, or
200 ng/side), (B) the PKG inhibitor KT5823 (KT; 1, 10, or
100 ng/side), (C) a combination of LY (200 ng/side) plus SNAP

(5 lg/side), KT (100 ng/side) plus SNAP or L-NN (1 lg/side) plus
SNAP, or (D) a combination of LY (200 ng/side) plus 8Br-cGMP
(8Br; 5 lg/side), KT (100 ng/side) plus 8Br, or L-NN (1 lg/side)
plus 8Br. On day 2 (test), animals were exposed to a familiar (A)
and a novel object (C) for five extra minutes to evaluate long-term
memory retention. Data (mean 6 SEM) are presented as percentage
of total exploration time. ***P < 0.001, **P < 0.01, and *P < 0.05
in one-sample Student’s t-test with theoretical mean 5 50; n 5 10
per group.

FIGURE 4. The amnesic effect of the posttraining intra-CA
administration of the b-adrenergic antagonist timolol is not
reversed by coinfusion of 8Br-cGMP or the NO donor SNAP. On
day 1 (training), rats were exposed to two different objects (A and
B) for 5 min and immediately after that received bilateral intra-
CA1 infusions (1 ll/side) of vehicle (VEH; 0.1% DMSO in saline),
the b-adrenergic blocker timolol (TIM; 1 lg/side), or a combina-

tion of TIM plus 8Br-cGMP (8Br; 5 lg/side), or TIM plus SNAP
(5 lg/side). On day 2 (test), animals were exposed to a familiar
(A) and a novel object (C) for five extra minutes to evaluate long-
term memory retention. Data (mean 6 SEM) are presented as per-
centage of total exploration time. ***P < 0.001 in one-sample Stu-
dent’s t-test with theoretical mean 5 50; n 5 10 per group.
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Although the physiological effectors of the NOS/sGC/
cGMP/PKG pathway in the hippocampus have not been
entirely elucidated, several reports indicate that stimulation of
NA release is an important downstream factor of this signaling
cascade. In this respect, it has been shown that inhibition of
nNOS prevents the depletion of hippocampal NA induced by
the NA-uptake blocker DSP-4 (Szökõ et al., 2001) and that
different NO donors stimulate NA release in hippocampal sli-
ces (Lonart et al., 1992; Satoh et al., 1996, 1997) and potenti-
ate that elicited by 3,4-diaminopyridine (Lauth et al., 1993)
and NMDA (Jones et al., 1994, 1995; Stout and Woodward,
1995). When given into dorsal CA1 immediately after training,
the b-adrenergic receptor blocker timolol (1 lg/side) hampered
OR LTM (Fig. 4, TIM). This effect was not prevented by
coinfusion of either 8Br-cGMP (5 lg/side; Fig. 4, TIM 1
8Br) or the NO-donor SNAP (5 lg/side; Fig. 4A, TIM 1
SNAP). However, the amnesia caused by intra-CA1 infusion of
L-NN, LY83583, and KT5823 was reversed by coadministra-
tion of NA (1 lg/side; Fig. 5; t(9) 5 5.79, P < 0.001 for
L-NN/NA; t(9) 5 3.84, P < 0.01 for LY83583/NA and t(9) 5
3.19, P < 0.05 for KT5823/NA in one-sample Student’s t-test
with theoretical mean 5 50) indicating that stimulation of hip-
pocampal adrenergic receptors is essential for OR LTM consoli-
dation and that this step is downstream the activation of the
NOS/sGC/cGMP/PKG signaling pathway.

Recent findings suggest that acting via cGMP- and NA-de-
pendent mechanisms NO increases expression of BDNF (Chen
and Russo-Neustadt, 2007), a neurotrophin that plays an essen-
tial role in memory formation and persistence (Bekinschtein
et al., 2008; Lu et al., 2008). Thus, we studied the possible ex-
istence of a causal link between NOS activation, b-adrenergic
receptor stimulation, and BDNF expression during OR mem-
ory consolidation. As seen from Figure 6, intra-CA1 infusion
of function-blocking anti-BDNF antibodies right after training
hindered OR LTM retention (Fig. 6A). Moreover, OR training
induced a clear-cut increase in BDNF levels in dorsal CA1
peaking 120 min posttraining (Fig. 6B; F(3,19) 5 4.18, P <
0.05; q 5 3.49, P < 0.05 in Dunnett’s comparison test after

ANOVA), which was blocked (Fig. 6C) by L-NN and timolol
(F(3,14) 5 9.12, P < 0.01; q 5 3.39, P < 0.05 for L-NN and
q 5 3.95, P < 0.01 for timolol in Dunnett’s comparison test
after ANOVA) and enhanced by SNAP and NA given into dor-
sal CA1 immediately after training (F(3,14) 5 8.01, P < 0.01;
q 5 3.96, P < 0.01 for NA and q 5 2.51, P < 0.05 for
SNAP in Dunnett’s comparison test after ANOVA). Surpris-
ingly, coinfusion of BDNF, at a dose previously shown to
reverse the amnesia induced by protein synthesis inhibitors on
fear-memory (0.25 lg/ll; Beckinschtein et al., 2007), did not
prevent the amnesic effect of the posttraining administration of
L-NN and timolol (Fig. 6D).

DISCUSSION

Our results concur with earlier reports on the activation of
the NOS/sGC/PKG pathway during information processing.
Indeed, it is known that the inhibition of NOS activity in
some brain regions impairs memory in different animal species
(Baratti and Kopf, 1996; Myslivecek et al., 1996; Rickard
et al., 1998; Xu et al., 2007), while NOS activators and NO
donors increase retention (Telegdy and Kokavszky, 1997; Kha-
vandgar et al., 2003; Pitsikas et al., 2005). Similarly, drugs that
decrease sGC or PKG activity are generally amnesic whereas
those that increase cGMP levels enhance memory (Bernabeu
et al., 1996, 1997; Chien et al., 2005). Nonetheless, most stud-
ies regarding the role of NO on memory have used aversion-
motivated learning tasks and, consequently, very little is known
about the participation of this signaling cascade in the consoli-
dation of nonaversive declarative LTM. The present data show
that when infused in dorsal CA1, L-NN hindered OR LTM
retention. This effect was reversed by coinfusion of the NO-do-
nor SNAP and observed only when L-NN was given immedi-
ately but not 180 or 360 min after training, suggesting that the
amnesia caused by L-NN was due to blockade of the consolida-
tion process caused by temporary inhibition of hippocampal

FIGURE 5. Noradrenaline reverses the amnesia induced by the
intra-CA1 administration of L-NN, LY83583, and KT5823. On
day 1 (training), rats were exposed to two different objects (A and
B) for 5 min and immediately after that received bilateral intra-
CA1 infusions (1 ll/side) of vehicle (VEH; 0.1% DMSO in saline),
L-NN (1 lg/side), LY83583 (LY; 200 ng/side), KT5823 (KT; 100
ng/side), or a combination of L-NN, LY, or KT plus noradrenaline

(NA; 1 lg/side). On day 2 (test), animals were exposed to a famil-
iar (A) and a novel object (C) for five extra minutes to evaluate
long-term memory retention. Data (mean 6 SEM) are presented
as percentage of total exploration time. ***P < 0.001, **P < 0.01,
and *P < 0.05 in one-sample Student’s t-test with theoretical mean
5 50; n 5 10 per group.
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FIGURE 6. Consolidation of OR long-term memory increases
BDNF levels in the dorsal CA1 region through a NO- and b-adre-
nergic receptor-dependent mechanism. A: On day 1 (training), rats
were exposed to two different objects (A and B) for 5 min and
immediately after that received bilateral intra-CA1 infusions (1 ll/
side) of vehicle (VEH; 0.1% DMSO in saline) or function-block-
ing anti-BDNF antibodies (ANTI-BDNF; 1 lg/side). On day 2
(test), animals were exposed to a familiar (A) and a novel object
(C) for five extra minutes to evaluate long-term memory retention.
Data (mean 6 SEM) are presented as percentage of total explora-
tion time. ***P < 0.001 in one-sample Student’s t-test with theoret-
ical mean 5 50; n 5 10 per group. B: Animals were trained in the
OR task (TRAINED) or submitted to a 5-min long free explora-
tion session of the training arena in the absence of stimulus
objects (HAB). At different times, after that, the animals were
killed by decapitation, the dorsal CA1 region dissected out and
total homogenates submitted to SDS-PAGE followed by immuno-
blot analysis with antibodies against BDNF. As no differences were
found among the HAB groups, only the HAB 120 min group is
shown. Bars show normalized mean percentage levels respect to

naive animals. Data are expressed as mean 6 SEM. *P < 0.05 in
Dunnett’s comparison test versus HAB after ANOVA; n 5 5 per
group. C: Animals with infusion cannulas aimed to the CA1
region of the dorsal hippocampus were trained in the OR task.
Immediately after that the animals received bilateral intra-CA1
infusions (1 ll/side) of vehicle (TRA), L-NN (1 lg/side), timolol
(TIM; 1 lg/side), noradrenaline (NA; 1 lg/side), or SNAP (5 lg/
side) and were killed by decapitation 120 min later. The dorsal
CA1 region was dissected out and total homogenates submitted to
SDS-PAGE followed by immunoblot analysis with antibodies
against BDNF. Bars show normalized mean percentage levels
respect to naive animals. Data are expressed as mean 6 SEM. *P <
0.05 and **P < 0.01 in Dunnett’s comparison test versus TRA af-
ter ANOVA; n 5 5 per group. D: Animals were trained and tested
as in (A) but instead received bilateral intra-CA1 infusions of vehi-
cle (VEH; 0.1% DMSO in saline), L-NN (1 lg/side), timolol
(TIM; 1 lg/side), or a combination of L-NN or TIM plus BDNF
(0.25 lg/side). Data (mean 6 SEM) are presented as percentage of
total exploration time. ***P < 0.001 in one-sample Student’s t-test
with theoretical mean 5 50; n 5 10 per group.
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nNOS and not to an unspecific or toxic pharmacological effect
or to a tardy impairment of behavioral activity. In fact, L-NN
did not affect the animals’ performance in the elevated plus
maze, in the open field or in the inhibitory avoidance test
when administered 24 h before the respective behavioral ses-
sion. Moreover, pretest infusion of L-NN did not affect OR
LTM retrieval nor reversed the amnesia caused by its posttrain-
ing administration, indicating that the amnesic effect caused by
inhibition of hippocampal nNOS is not due to state-dependent
learning. This result is particularly important inasmuch it was
previously reported that inhibition of hippocampal NOS indu-
ces a state-dependent impairment in OR STM (Blokland et al.,
1998). The reasons for this discrepancy are surely related to the
fact that Blokland and coworkers used the nonisoform specific
NOS inhibitor L-NA instead of the nNOS specific blocker L-
NN, used a dose 30-times higher than the one we used in our
experiments and, most importantly, measured memory reten-
tion just 1 h after training. Therefore, besides dealing with a
totally different mnemonic process (i.e., short-term vs. LTM),
their experiments were unable to rule out conclusively the
occurrence of nonspecific behavioral and physiological effects.

That the nNOS/sGC/PKG pathway in dorsal CA1 plays an
essential role during the consolidation of OR LTM was further
demonstrated by results showing that: (1) OR training induces
a rapid increase in hippocampal NOx content; (2) the sGC in-
hibitor LY83583 and the PKG inhibitor KT5823 mimicked
the amnesic effect of L-NN, whereas the nonhydrolysable ana-
log of cGMP 8Br-cGMP reversed the amnesia induced by L-
NN and LY83583 but not KT5823. These findings, together
with others showing that the NO-donor SNAP was unable to
reverse the amnesic effect of LY83583 and KT5823, indicate
that consolidation of OR LTM is indeed associated with an
early increase in NO synthesis, and suggest that the most likely
mechanism through which NO brings about the physiological
changes involved in this process require the sequential activa-
tion of sGC and PKG. Indeed, there is abundant evidence
regarding the participation of the NO-mediated activation of
sGC/PKG in plasticity (East and Garthwaite, 1991; Chetkovich
et al., 1993; Zhuo et al., 1994; Arancio et al., 1995; Domek-
Łopacińska and Strosznajder, 2008; Wang et al., 2008).

Although the downstream effectors of the NO/sGC/PKG
pathway during memory processing are not known, findings
indicating that several NO donors (Lonart et al., 1992, 1995;
Stout and Woodward, 1994; Satoh et al., 1996) modulate NA
release in different brain preparations (Yu and Wecker, 1994;
Jones et al., 1995; Chu and Etgen, 1996; Martire et al., 1998),
including the hippocampus (Lauth et al., 1995; Kiss et al.,
1996; Satoh et al., 1996, 1997), together with a recent report
showing that inhibition of NOS and sGC modulates the NA-
induced increase in hippocampal BDNF levels (Chen and
Russo-Neustadt, 2007), suggest that activation of NA receptors
signaling could be an important link between NO generation
and learning-induced gene expression. In this respect, our
results showing that neither 8Br-cGMP nor SNAP reversed the
amnesic effect of the intra-CA1 administration of timolol
while NA overturned the amnesia caused by the immediate

posttraining infusion of L-NN, LY83583 and KT5823 demon-
strate that activation of hippocampal b-adrenergic receptors is
essential for consolidation of OR LTM and support the hy-
pothesis that these receptors act downstream the NO/sGC/
PKG pathway. Moreover, the fact that L-NN and timolol ham-
per, while NA and SNAP enhance, the learning-induced
increase in hippocampal BDNF levels, strongly suggests that b-
adrenergic receptors link NO/sGC/PKG signaling to BDNF
expression during the consolidation of OR LTM (Fig. 7).
These results are in agreement with previous reports suggesting
that the beneficial cognitive effect of different behavioral thera-
pies, including moderate voluntary physical exercise, are medi-
ated by a NO- and noradrenergic-controlled increase in hippo-
campal BDNF expression (Garcia et al., 2003; Chen et al.,
2006; Ma, 2008). However, the fact that posttraining intra-
CA1 administration of BDNF did not reverse the amnesic
effect of L-NN and timolol suggest that, although controlled
by NO and NA and necessary for consolidation, the expression
of this neurotrophin is not sufficient for the establishment of a
stable and long-lasting recognition memory trace. This observa-
tion is important because it has been proposed that some mem-

FIGURE 7. Hypothetic diagram illustrating the putative events
mediating the involvement of the NO/sGC/PKG cascade in OR
memory consolidation. An unknown receptor, probably the
NMDA receptor (Frade et al., 2008), activates nNOS early after
training, rapidly increasing NO levels in the postsynaptic terminal.
NO diffuses to the presynaptic compartment (Hawkins et al.,
1999) where it induces the activation of sGC and the consequent
increase in cGMP and PKG activity (Wang et al., 2005). PKG, in
turn, promotes the release of different neurotransmitters, including
noradrenaline (NE) (Wang and Robinson, 1997; Yawo et al.,
1999) which acting on b-adrenergic receptors induces the expres-
sion of BDNF (Chen et al., 2007), maybe through a pathway
involving the activation of PKA and CREB. BDNF is then secreted
and binds its receptor TrkB in an autocrine or paracrine manner
to promote some of the plastic modifications in synaptic efficacy
required for the lasting stabilization of the mnemonic trace
(Lu et al., 2008).
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ory impairments associated with normal aging and AD could
be counterbalanced by administration of exogenous BDNF
and/or by stimulating its expression (Tapia-Arancibia et al.,
2008).
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