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Abstract The increase in life expectancy is accompanied
by an increased risk of developing neurodegenerative dis-
orders and age is the most relevant risk factor for the
appearance of cognitive decline. While decreased neuronal
count has been proposed to be a major contributing factor
to the appearance of age-associated cognitive decline, it
appears to be insufficient to fully account for the decay in
mental function in aged individuals. Nitric oxide (*NO) is a
ubiquitous signaling molecule in the mammalian central
nervous system. Closely linked to the activation of gluta-
matergic transmission in several structures of the brain,
neuron-derived *NO can act as a neuromodulator in syn-
aptic plasticity but has also been linked to neuronal toxicity
and degenerative processes. Many studies have proposed
that changes in the glutamate-"NO signaling pathway may
be implicated in age-dependent cognitive decline and that
the exact effect of such changes may be region specific.
Due to its peculiar physical-chemical properties, namely
hydrophobicity, small size, and rapid diffusion properties,
the rate and pattern of “NO concentration changes are
critical determinants for the understanding of its bioactivity
in the brain. Here we show a detailed study of how *NO
concentration dynamics change in the different regions
of the brain of Fisher 344 rats (F344) during aging.
Using microelectrodes inserted into the living brain of
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anesthetized F344 rats, we show here that glutamate-
induced *NO concentration dynamics decrease in the hip-
pocampus, striatum, and cerebral cortex as animals age.
performance in behavior testing of short-term and spatial
memory, suggesting that the impairment in the gluta-
mate:nNOS pathway represents a functional critical event
in cognitive decline during aging.
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Introduction

The extension of lifespan has been associated with an
increased risk for neurodegenerative disorders, suggesting
a putative link between chronological age and disorders of
the central nervous system (CNS). In reality, age is the
greatest risk factor for cognitive decline and Alzheimer’s
disease (the leading cause of dementia) in the elderly
population. In humans, fMRI studies have revealed that
differences in activity of the hippocampus and associated
cortical regions may correlate with tilting the equilibrium
from normal to pathological aging (Small et al. 2002).

The aging process, particularly with what concerns the
CNS, can lead to relatively intact cognitive function or to
dementia. During normal aging, morphological and func-
tional changes of the brain are seen in terms of brain
weight, protein quality, number of neurons, and concen-
tration of enzymes responsible for the synthesis of neuro-
transmitters. As reviewed elsewhere (Bishop et al. 2010),
major pathways which impact the aging process have been
identified in the brain, including insulin/IGF-1 signaling,
TOR signaling, mitochondrial function, sirtuins, and calo-
ric intake.
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Nitric oxide (*NO) is a small free radical messenger
molecule produced by *NO synthase (NOS), an enzyme
that catalyzes the conversion of L-arginine to L-citrulline
and °NO. Although three isoforms of NOS have been
unequivocally identified (Alderton et al. 2001), the neu-
ronal isoform (nNOS or NOS I) has been shown to be
pivotal in regulation of synaptic transmission (Garthwaite
2008). This isoform is anchored to the post-synaptic
density, in particular to the N-methyl-D-aspartate-type
glutamate receptor (NMDATr) via protein—protein interac-
tion mediated by the scaffold protein post-synaptic den-
sity protein 95 (PSD-95) (Brenman et al. 1996;
Christopherson et al. 1999) and, as such, *NO production
is tightly coupled to glutamate neurotransmission and
neuronal excitability.

In the CNS, °NO acts as a ubiquitous messenger mole-
cule and is involved in several critical processes such as the
regulation of neurotransmitter release, synaptic plasticity,
and neuronal excitability, and thus is a key player in
memory and learning mechanisms (Garthwaite 2008).
Paradoxically, deregulation of *NO bioactivity and avail-
ability has been proposed to contribute to aging and neu-
rodegenerative processes (Law et al. 2001).

Many reports have shown the presence of *“NO and NOS
in aging structures of the CNS, namely the cerebral cortex,
cerebellum, amygdala, hippocampus, striatum, among
others [reviewed in (Jung et al. 2012)]. However, the role
played by *NO in the pathology of chronological aging is
far from being consensual in the literature. Reports range
from excessive *NO production associated with overpro-
duction of reactive oxygen species by mitochondria (Poon
et al. 2004) to descriptions of NOS-positive neurons
showing selective resistance to death in pathologies such as
Alzheimer’s and Huntingtons disease (Ferrante et al. 1985;
Unger and Lange 1992; Benzing and Mufson 1995). Also,
changes in NOS expression levels may have alternating
significance as a function of the specific brain region
analyzed.

The discrepancies regarding the role of *NO during
aging have thus far been based on indirect determination of
either *NO concentration or the level of NOS expression,
with little or no data being shown regarding how the par-
ticular concentration dynamics associated to specific sig-
naling pathways change in the aging brain. The change in
pattern of *NO production and removal in each brain region
may be more elucidative in deciphering its participation in
brain aging than NOS expression level.

Deciphering to role of *NO in brain aging has been
hindered by its elusive nature. In fact this free radical
messenger is present in low nanomolar concentrations,
has a short half-life and rapidly diffuses in the biological
medium (2.2 x 107> cm?/s) (Santos et al. 2011). If one
adds the lack of specific interactions with receptors, it
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becomes evident that the understanding of *NO bioac-
tivity requires the knowledge of its profile of change in
time and space, that is, its concentration dynamics. In this
context, the use of electrochemical methods associated to
carbon fiber microelectrode (micrometer scale) stereo-
taxically inserted in the CNS is particularly attractive
because it allows for real-time and direct detection of
*NO in the the living brain (Barbosa et al. 2008; Lour-
engo et al. 2011).

The aim of this work was to evaluate the gluta-
mate-"NO signaling pathway in 3 regions of the CNS,
namely the hippocampus, the cerebral cortex, and the
striatum, in terms of *NO concentration dynamics, in a
rodent model of aging. To this purpose, real-time elec-
trochemical recordings were performed in vivo in the
brain of anesthetized Fisher 344 rats (F344) in young,
middle- and old-aged animals. We have previously dem-
onstrated that activation of glutamate receptors in these
discrete regions in the brain of anesthetized rats results in
distinct patterns of “NO concentration in time and space
(Lourenco et al. 2014). Also, age-related changes in the
NMDATr-"NO-cGMP pathway appear to be region specific
(Jung et al. 2012).

To gain a better understanding of the age-related chan-
ges in nitrergic transmission and neuromodulation, we
investigated alterations in the glutamate-evoked *NO con-
centrations dynamics in key structures of the CNS. For this
purpose, we used modified carbon fiber microelectrodes
with high selectivity for "NO to obtain electrochemical
recording of the changes in *NO concentrations upon brief
stimulation of glutamate receptors in the cerebral cortex,
striatum, and hippocampus of anesthetized F344 rats at 3
ages (young, middle and old aged). Carbon fiber micro-
electrodes have been used for several decades for electro-
chemical detection of chemicals such as catecholamines
and *NO [reviewed in (Budai 2010)]. Modification of the
carbon active surface with films such as o-phenylenedi-
amine (o-PD) and Nafion® has been shown to greatly
improve sensor analytical performance (Friedemann et al.
1996; Ferreira et al. 2005; Barbosa et al. 2008) and coupled
to reduced sensor dimensions (carbon fibers used had an
o0.d. of 30 um and a tip length of 150-300 pm) guaranties
high spatial and second-by-second time resolution. Tran-
sient production of *NO was evoked by local applications
of a small volume (nL range) of L-glutamate through a
glass pipette placed in close proximity to the recording
microelectrode, further contributing to high spatial reso-
Iution of the recordings obtained. This approach has
allowed the recording of *NO concentration dynamics is
slice preparations (Ledo et al. 2004a, 2005, 2010), as well
as in vivo in the brain of anesthetized rats (Barbosa et al.
2008; Lourengo et al. 2011; Santos et al. 2011; Lourengo
et al. 2014).
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Materials and Methods
Chemicals and Solutions

Ascorbate (AA), o-PD, dopamine, 3,4-dihydroxyphenyl-
acetic acid (DOPAC), 5-hydroxytriptamine (5-HT), and
5-hydroxyindolacetic acid (5-HIAA) were acquired from
Sigma. L-glutamate was from Tocris Bioscience. Nafion®
was from Aldrich. All other reagents were analytical
grade. Phosphate buffer saline (0.05 M PBS) used for
microelectrodes evaluation was prepared in ultra-pure
deionised water (R > 18.2 MQ cm; Milli-Q, Millipore
Integral 10, MA, USA) with the following composition:
NaH,PO, 10 mM; Na,HPO, 40 mM, NaCl 100 mM, pH
7.4. Saturated *NO solution was freshly prepared in ultra-
pure deionized water (Milli-Q, Millipore Integral 10, MA,
USA) with a resistivity >18.2 MQ cm previously dear-
eated with ultra-pure argon. The solution was prepared by
bubbling *NO pure gas (commercial cylinder) following
sequential passage through NaOH pellets and solution to
remove higher oxide contaminants (Barbosa et al. 2011).
L-glutamate solution (20 mM) was prepared in NaCl
0.9 %, adjusted to pH 7.4. Prior to filling micropipette for
local injection in the brain, each solution was filtered
through a sterile syringe filter with 0.2 um cellulose
acetate membrane.

Animal Groups and Housing

This study was carried out using male F344 rats acquired
from Charles River Laboratories (Barcelona, Spain) at the
age of 2 months and maintained in the local animal
facilities for the period required to achieve target age.
Animals were separated into 3 age groups: 6, 12, and
23 months (young, middle and old aged, respectively). A
total of 38 animals were used in the present work. The
experimental protocol was designed with eight subjects in
each age group for the in vivo electrochemical recording
of *NO concentration dynamics. Taking into account
expectant loss of animals due to premature death (in
accordance to life expectancy chart provided by Charles
River Laboratories), at time of acquisition. The young,
middle- and old-aged groups were composed of 8, 14 and
16 animals, respectively.

Animals were maintained in a 12:12 light:dark
cycle with food and water available ad libitum. All
experiments were performed in accordance with the
European Community Council Directive for the Care
and Use of Laboratory Animals (86/609/ECC) and
approved by the local institutional animal care
committee.

Behavioral Testing of Memory and Cognitive Decline

The three groups of F344 rats described above were
subject to mixed (longitudinal and transversal) behavioral
testing. For the behavioral testing, the groups were
composed as follows: young age group was composed of
24 male F344 rats at 6 month of age, 8 from each group;
the middle-aged group was composed of 22 male F344
rats at 12 month (14 from the middle-aged group and 8
from the old-age group); the old-aged group was com-
posed of 8 male F344 rats at 23 month of age. The open
field locomotion test was used to examine motor function
by evaluation of spontaneous activity and exploratory
behaviors. Animals were allowed to explore an open-field
arena (75 x 60 cm) for 10 min and the horizontal (free
surface movement) and vertical (rearings) exploratory
behavior evaluated.

The novel object recognition (NOR) task consisted of
habituation, familiarization, and testing was used as a free
exploration paradigm to evaluate short-term memory
decline. Habituation to the arena was allowed for a 10 min
period in the open-field arena (75 x 60 cm), in the absence
of objects, after which the animal was removed to its
holding cage. Familiarization was performed for 5 min in
the open-field arena containing 2 identical objects
(A + A). Animals were removed from the arena and
retained in their cage for a 2 h period prior to final testing.
Test was then performed during 5 min in the open-field
arena containing 2 objects, one identical to the sample and
a novel object (A + B). Time spent exploring each object
was measured and the index of NOR was determined as the
percentage of time spent exploring the novel object. For
both familiarization and test, the objects were placed in
opposite and symmetrical corners of the arena.

Spatial memory performance was evaluated using a
Plexiglas Y-shaped apparatus consisting of 3 equal arms
with a 120° angle between them. In the trial, animals were
placed in the Y-maze with one arm blocked and allowed
access to the two open arms for 5 min. Animals were
removed to their retention cage for a 2 h period prior to
test. For the testing, animals were placed back into the
maze and allowed access to all 3 arms for 5 min. The
percentage of time spent exploring the novel arm in the
trial was used as an index of spatial memory performance.

Carbon Fiber Microelectrodes
Microelectrodes were fabricated as previously described
(Santos et al. 2008). Briefly, single carbon fibers (30 pm,

Textron Lowell, MA) were inserted into borosilicate glass
capillaries and pulled on a vertical puller. The protruding
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carbon fibers were cut to a tip length of 150-300 um. The
electrical contact between the carbon fiber and the copper
wire was provided by conductive silver paint. The micro-
electrodes were tested for their general recording properties
in PBS by fast cyclic voltammetry (FCV) at a scan rate of
200 V/s, between —1.0 and +1.0 V vs Ag/AgClI for 30 s
(Ensman Instruments, USA). To improve the analytical
properties for in vivo measurements of *NO, microelec-
trodes were coated with two films of Nafion® (5 % solu-
tion) and electropolymerized with 0—PD solution (5 mM)
at a constant potential of +0.7 V vs Ag/AgCl for 3 periods
of 15 min. On the day of experiment, each chemically
modified microelectrode was evaluated in terms of sensi-
tivity for *NO (using a saturated *NO solution) and selec-
tivity against the major interfering analytes in the brain
(ascorbic acid, dopamine, serotonin, nitrite) by amperom-
etry at +0.9 V vs Ag/AgCl using a FAST16 high-speed
electrochemical system (Quanteon, LLC, Nicholasville,
KY, USA) in a two-electrode configuration mode. The
modified carbon fiber microelectrodes presented an aver-
age sensitivity of 242.9 + 16 pA/pM (n = 40) and selec-
tivity ratios of 45385:1, 3071:1, 183:1, 441:1, 165:1, and
451:1 against AA (n = 40), nitrite (n = 39), and dopamine
(n = 38), DOPAC (n = 36), 5-HT (n = 36), and 5-HIAA
(n = 38) respectively.

In Vivo Electrochemical Detection of Nitric Oxide
in the Rat Brain

The experimental setup used for electrochemical *NO
detection in vivo was analogous to previous studies
(Barbosa et al. 2008; Lourengo et al. 2011; 2014). Briefly,
rats were anesthetized with isoflurane 1.5-2 % using an E—
Z Anesthesia vaporizer (Braintree Scientific, Inc, USA) and
placed in a stereotaxic apparatus. Animal temperature was
maintained at 37 °C with a heated pad coupled to a Gay-
mar Heating Pump (Braintree Scientific, Inc., USA). Cra-
niotomy was performed to expose the desired brain region.
Another hole was drilled in a site remote from the
recording area for the insertion of an Ag/AgCl reference
electrode.

The *NO microelectrode was coupled to a micropipette
(tip 1015 pm i.d.) using sticky wax according to a con-
figuration in which tip separation was 223 £ 42 um
(n = 30). The micropipette was filled with L-glutamate
solution by a syringe fitted with a flexible microfilament
(MicroFil, World Precision Instruments, UK).

After removing the dura mater, the microelectrode-
micropipette array was inserted into the rat brain regions
according to coordinates calculated based on rat brain atlas
by Paxinos and Watson (2007). The coordinates for the
each region were adjusted for changes in both skull
thickness and regional displacement observed with
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chronological aging. The existence of major blood vessels
on the cortical surface was also considered and adjusted for
in each animal. The coordinates used to record *NO
dynamics in the hippocampus (CAl), calculated from
bregma, were AP (antero-posterior) —4.1 to —4.2 mm, ML
(medio-lateral) —2.2 to —2.4 mm, and DV (dorso-ventral)
—2.4 to 2.7 mm. For the striatum, the coordinates used
were AP +1.2 to 2.2, ML —2.0 to —2.6, and DV —4.0 to
—5.5 mm. For the measurements performed in the cerebral
cortex, coordinates used were AP —4.1 to —4.2, ML —2.0
to —2.2, and DV —1.7 to —1.8 mm.

After the insertion of the microelectrode-micropipette
array in the brain, the current baseline was allowed to
stabilize for at least 30 min. After that period, *NO pro-
duction was stimulated by the pressure ejection of L-glu-
tamate (25 nL) from the micropipette using a Picospritzer
Il (Parker Hannifin Corp., General Valve Operation,
USA).

Confirmation of Microelectrode Position

In order to validate the position of the microelectrode in
each recording site, at the end of each experiment, a
+4.5V DC current was applied to the carbon fiber
microelectrode in order to produce a lesion at the exact
recording site in the brain. Animals were then euthanized
by cervical displacement under deep anesthesia. The brain
was removed and placed in ice-cold freshly prepared 4 %
paraformaldehyde in PBS and left to rest a 4 °C for a 24 h
period. The brain was then transferred to a 30 % sucrose
solution in PBS, for cryopreservation. Once the whole
tissue had sunk to the bottom of the sucrose flask, it was
considered prepared for cryo-sectioning. Tissue was then
frozen with cryospray (Thermo Electron Corporation, UK),
and 30 um coronal sections were cut in a cryostat (Mod-
elCM 1900, Leica, Germany). The cryo-sections were then
stained with cresyl violet and analyzed under a light
microscope to verify the exact location of the recording
site. Typical placements of microelectrodes into the cere-
bral cortex and the CA1 subregion of the hippocampus can
be seen in Fig. 1.

Data Analysis

The *NO signals were characterized in terms of i) peak
amplitude of the *NO signal, based on the conversion of the
amperometric currents to “NO fluxes according to Fara-
day’s law (I = n.F.®, in which I corresponds to the
amperometric current, n corresponds to the one electron per
molecule exchanged for the oxidation of *NO, and F cor-
responds to the Faraday constant and @ is the flux); ii) Ty,
the time in seconds required to reach the maximum
amplitude after the signal onset, iii) Tgecay, the time in
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Striatum

Fig. 1 Cresyl violet-stained coronal sections of F344 rat brain for
confirmation of the microelectrode recording sites (indicated in each
photo by the *) in the different structures of the CNS: the CAl
subregion of the hippocampus (a), the cerebral cortex (b), and the
striatum (c¢)

seconds required to reach 50 % of peak concentration
during signal decay, and iv) Tpaf wiqm the width at half
maximum amplitude. Data are presented as the mean £
SEM for the first signal obtained in each region. Statistical

analysis of the data was performed using two-way inde-
pendent analysis of variance (ANOVA) followed by post
hoc Tukeys’s multiple comparison test to determine dif-
ferences among regions and age groups. All analyses were
performed with GraphPad Prism 5 and Origin 7.5 Software.

Results
Behavioral Testing

Age-related alterations in the hippocampal formation in the
rodent brain have been shown to associate with decreased
performance in behavior tasks that rely on this structure of
the temporal medial lobe, such as NOR and Y-maze. The
F344 rats used showed age-related decline in cognitive and
memory function (Fig. 2), as expected for a model of
aging.

The open-field test aimed at evaluating general loco-
motor activity, revealed a progressive decrease in loco-
motion and exploratory behavior during aging. With
respect to horizontal exploratory behavior, we observed a
decrease of 46 and 79 % in middle- and old-aged F344 rats,
respectively (P < 0.001), relative to young animals
(Fig. 2a). This decline in exploratory behavior was reca-
pitulated in the vertical exploratory behavior. The number
of rearings of middle- and old-aged animals was, respec-
tively, 46 and 65 % (P < 0.05) lower relative to young
animal (Fig. 2b). These results suggest a progressive and
age-related decrease in locomotor activity in the F344 rats
used in the present study.

Novel object recognition and Y-maze tests were per-
formed to assess short-term memory. Analysis of scoring
for both tests revealed a tendency for an age-dependent
decline in short-term memory function. In the NOR test,
middle- and old-aged animals showed a 3 and 23 %
decrease, respectively, in % time spent exploring the novel
object, when compared to young animals (Fig. 2c). Score
for the Y-maze test (evaluated as the % of time spent
exploring the novel arm) also showed a 19 and 21 %
decrease in middle- and old-aged animals, respectively,
when compared to young animals (Fig. 2d).

Since changes in body weight may contribute to per-
formance in behavioral testing, all animals used were
weighed prior to testing. For each age group, the average
weights were (in g): 376.2 & 4.9 (n = 24) for the young-
aged group, 485.2 & 7.2 (n = 22) for the middle-aged
group, and 455 £ 10.7 (n = 8) for the old-aged group.
Both middle- and old-aged animal groups showed signifi-
cant increase in body mass when compared to young-aged
group (P < 0.001, determined by one-way ANOVA with
Tukey’s post hoc multiple comparison test). However, the
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Fig. 2 Evaluation of age-dependent decline in locomotor activity and
short-term memory in the F344 rats. Locomotor activity was assessed
by open-field analysis of total number of crossings (a) and total
number of rearings (b) observed in the time period of 10 min. Short-
term memory was evaluated by performing a novel object recognition
test (NOR), where the % of time spent exploring the novel object
during the trial phase was determined (c¢). Animals are expected to
spend more then 50 % of time (dashed line) at the novel object. The

old-age group showed a significant decrease in body mass
when compared to the middle-aged group (P < 0.05).

Nitric Oxide Concentration Dynamics in the Central
Nervous System

The age-related changes in the glutamate-"NO pathway
were evaluated in discrete brain regions of anesthetized
F344 rats at different ages. The °*NO concentration
dynamics in each region were recorded amperometrically
and in real-time, with a second-by-second temporal reso-
lution. Endogenous *NO production was evoked through
activation of glutamatergic transmission via local applica-
tion of a discrete bolus (in the nanoL range) of a L-gluta-
mate solution (20 mM). The use of carbon fiber
microelectrodes of reduced dimensions associated to the
geometry of the array containing the stimulation pipette
and the recording microelectrode allowed for high spatial
resolution to be achieved.
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Y-maze test was used to evaluate spatial memory, where the % of
time spent in the novel arm in the test was determined (d). Animals
are expected to spend more then 33 % of time (dashed line) in the
novel arm. Bar graphs represent mean tsem. with N inset in each bar.
*#%P < (0.0001 and *P < 0.005, when compared to young age group;
##p < 0.0001 when compared to middle-aged group. Statistical
significance determined by one-way Anova with Tukey’s post hoc
multiple comparison test

As can be observed in Fig. 3, the same stimulus (L-
glutamate, 20 mM) produced distinctive "NO concentra-
tion dynamics in the 3 structures evaluated, the hippo-
campus, the cerebral cortex and the striatum, both in terms
of amplitude and kinetics of signal decay. In the young age
group, local stimulation with L-glutamate evoked a tran-
sient production of *NO that, considering the mean maxi-
mal °NO peak, was more robust in the striatum
(4.76 £ 1.55 fmol/s, n = 6), followed by the hippocampus
(4.08 = 0.84 fmol/s, n = 6) and finally by the cerebral
cortex (1.19 £ 0.59 fmol/s, n = 4). However, the transient
*NO production lasted longer in hippocampus, than in the
remaining regions (see Table 1, signal Tha¢ wideh)-

In Fig. 4, one can appreciate the age-related changes in
*NO profile in each structure of the CNS. In all the regions, a
notorious decrease in *"NO production with age in response to
activation of glutamate receptors was observed, in terms of
both the amplitude and the duration of the signal. However,
such a decrease was more pronounced in the hippocampus
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Fig. 3 Representative electrochemical recording of “NO concentra-
tion dynamics obtained in the hippocampus (filled black line),
striatum (filled gray line) and the cerebral cortex (dashed black line)
for the young age group upon stimulation of glutamate receptors by
locally applying a 25 nL aliquot of L-glutamate (20 mM, indicated
with arrow). As seen for the same stimulus paradigm, the *NO
concentration dynamics are distinct amongst the structures of the
CNS of the F344 rat

(Fig. 4a) and the striatum (Fig. 4b) as compared with the
cortex. Age-dependent decrease in mean maximal flux for
*NO signal can also be appreciated in the bar graph repre-
sented in Fig. 5. Two-way analysis of variance of peak "NO
flux revealed that both age and region significantly contribute
to observed changes (F = 3.24, P = 0.046 and F = 6.25,
P = 0.003, respectively), although the 2 factors (age and
region tested) showed no interaction (F = 0.89, P = 0.47).
Post hoc Tukey’s multiple comparison test further revealed
that, for the striatum, peak *NO flux was significantly
decreased in old-aged animals when compared to young and
middle-aged subjects (P < 0.05). Although statistical

significance of decrease in maximal flux is evident only for
the old-aged animal group in the striatum, the tendency for
decreasing response in terms of *NO production upon glu-
tamate receptor activation is evident also in the hippocampus
and the cerebral cortex. In old-aged animals, the decrease of
the mean maximal flux for *NO was 73 % in the striatum,
45 % in the cerebral cortex, and 33 % in the hippocampus,
relative to the young animals.

Discussion

In this work, we provide strong evidence that, during
chronological age, the glutamate:NMDA receptor:nNOS
axis becomes less effective in terms of *NO production.
The role of neuron-produced *NO in aging has been pre-
viously addressed, but this is the first time that this pathway
is studied in a direct fashion in vivo. The relevance of such
an approach becomes clear if one considers that (1) *NO
conveys information associated to its concentration
dynamics and, therefore, the knowledge regarding activity
requires the measurement of its profile of change in space
and time in a quantitative and direct way and (2) although
the distribution of nNOS has been studied by histochem-
istry of the enzyme, the mere detection in situ does not
necessarily imply the presence of active ("NO producing)
enzyme (Lourengo et al. 2014).

Broadly, we found an age-dependent decrease in peak
*NO produced upon stimulation of glutamate receptor
activity in the hippocampus, cerebral cortex, and striatum.
This decrease in maximal *NO flux attained was accom-
panied by a decrease in signal half width, rise time, and
decay time in the hippocampus and striatum. Conversely,
in the cerebral cortex, all these temporal parameters varied
in the opposite direction with age.

Table 1 Temporal parameters obtained from L-glutamate-evoked *NO signal recording obtained in the hippocampus, cerebral cortex, and

striatum of F344 rats at 3 ages (young, middle and old aged)

Age
Young Middle Aged Old Aged
Y5 Width, s Hippocampus 31.8 £ 3.7 (6) 26.57 £ 6.7 (7) 26.9 £ 5.9 (10)
Cortex 145 £ 55 4) 19.9 £ 2.8 (8) 36.3 £ 7.4 (9)*
Striatum 23.8 £ 3.2 (6) 16.6 £+ 3.6 (7) 12.3 £+ 3.4 (6)
Trise> S Hippocampus 12.2 £ 2.5 (6) 123 £ 2.8 (11) 63+12(9
Cortex 6.8+ 1.7 (4) 10 £+ 3.2 (8) 16.6 + 4.8 (9)
Striatum 10.2 £ 1.7 (6) 8.43 + 2.4 (10) 38+ 0.4 (5
Taecay» Hippocampus 23.3 + 4.1 (6) 29.6 + 6.2 (11) 20 + 4.5 (10)
Cortex 10.3 £ 3.8(4) 18.6 = 3.0 (9) 24.1 £ 4.2 (9)
Striatum 17.2 £ 1.1 (6) 9.3+ 0.7 (6) 9.8 £ 1.8 (6)

Values in table represent mean +sem (n). * P < 0.05, evaluated by two-way ANOVA with Tukey’s post-test
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Fig. 4 Representative recording of °*NO concentration dynamics
obtained in the hippocampus (a), striatum (b) and cerebral cortex
(c) for the 3 age groups evaluated. In each group of recordings, the
filled black line represents the young age group; the filled gray line the
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Fig. 5 Bar graph showing the average peak flux in *NO obtained in
the hippocampus (CA1), cerebral cortex (Ctx), and striatum for the 3
age groups evaluated. Values are represented as mean + sem and
number inset each column represents the N. *P < 0.05 when
compared to young group, two-way Anova with Tukey’s post-test

In view of these results, the relevance of this pathway for
memory and learning rises the hypothesis that the dimin-
ished production of neuronal-derived *NO could translate
into decreased cognitive and memory performance.

Accordingly, we observed that the changes in the spatial
and temporal pattern of *NO production were accompanied
by age-dependent decline in both general locomotor
activity and performance in behavioral testing of short-
term and spatial memory. In fact, the attenuation of *NO
signals in the brain areas studied was accompanied by
lower scores in behavioral tests performed, such as NOR
and Y-maze. These behavioral tests allowed the assessment
of short-term and spatial memory in the F344 animal
groups, two types of memory that have been linked
to hippocampal plasticity. Glutamate-dependent *NO
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middle-aged group; and the dashed black line the old-aged group.
Arrow indicates time of local tissue stimulation by pressure ejection
of a 25 nL of L-glutamate (20 mM in saline, pH 7.4) through a glass
pipette placed in close proximity to the recording microelectrode

production in the brain has been associated with forms of
plasticity such as long-term potentiation and depression
(LTP and LTD, respectively), two of the neuromolecular
correlates of memory and learning. This signaling pathway
has been identified in the cerebellum (Jacoby et al. 2001;
Shin and Linden 2005; Ogasawara et al. 2007; Qiu and
Knopfel 2007), the hippocampus (Garthwaite 2008; Phil-
lips et al. 2008; Taqatgeh et al. 2009) as well as the neo-
cortex (Hardingham et al. 2003; Hardingham and Fox
2006). As such, it is quite interesting to observe that here
the decreased scoring in NOR and Y-maze obtained for the
old-aged group when compared to young animals, was
accompanied by a decrease in glutamate-dependent *NO
production in the CAl subregion of the hippocampus, a
region where LTP is dependent on NMDAr activity, as
well as *NO production (Bliss and Collingridge 1993; Bon
and Garthwaite 2003; Hopper and Garthwaite 2006; Bliss
and Collingridge 2013).

Extensive literature can be found implicating the medial
temporal lobe, in particular the hippocampus, in age-rela-
ted decline of memory and learning functions. Contradic-
tory reports have shown preserved or decreased neuron
count in the hippocampus of aged rats and non-human
primates (Driscoll et al. 2006), while others have failed to
show a relationship between neuron density and learning
deficits (Rasmussen et al. 1996). As such, neuronal loss per
se is not likely to fully account for decay in mental function
associated with aging, suggesting an association between
functional changes in the hippocampus and memory
decline.

The circuits found in the neocortex and hippocampus
rely upon glutamatergic excitatory transmission, which
interacts closely with GABAergic inhibition. The balance
between excitatory and inhibitory signaling is fine-tuned
by neuromodulatores such as °*NO [reviewed in (Feil
and Kleppisch 2008)]. The potential for *NO as a
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neuromodulator was first identified in 1988 (Garthwaite
et al. 1988) and since then it has been demonstrated to
work as a retrograde messenger in several brain structures,
namely the hippocampus (Arancio et al. 1996).

Looking into the literature, one finds contradictory
reports regarding age-related changes in the neuronal *NO
synthesis pathways in brain structures related to memory.
While some studies show age-dependent decrease in NOS-
positive neurons, NOS protein, and mRNA levels as well as
decrease in L-arginine, L-citrulline, and L-aspartate in sev-
eral brain regions (Benedetti et al. 1993; Cha et al. 1998;
Yu et al. 2000; Necchi et al. 2002; Liu et al. 2009) others
point toward age-dependent increase in NOS activity and
L-arginine and L-citrulline levels, increased protein and
mRNA levels for nNOS and iNOS in the hippocampus and
prefrontal cortex and direct association between these
increases and impaired memory function in aged rats (Law
et al. 2000; Law et al. 2002; Gupta et al. 2012). However,
these previous studies provide no information regarding the
functional coupling of neuronal activity and *NO concen-
tration dynamics. In neurons, the nNOS enzyme is physi-
cally associated to the NMDAr NR2B subunit via protein—
protein interactions mediated by PSD-95 via their respec-
tive PDZ domains (Brenman et al. 1996; Christopherson
et al. 1999). This assures functional coupling between
receptor and enzyme: nNOS requires binding of Ca*"-CaM
to become active (Alderton et al. 2001) and the NMDAr is
typically selectively permeable to Ca*" (Paoletti et al.
2013). Taking this into account, and further considering the
multiple and complex regulation which nNOS suffers
(protein or RNA detection is not a definitive proof of *NO
production), one can easily understand that changes in
enzymatic activity, protein or mRNA levels, quantified
from neuronal tissue homogenates may not directly trans-
late into changes in neuronal *NO production.

On the other hand, the physical-chemical nature of *NO
also dictates that distribution and localization of production
sites have a high impact on the observed biological activity
of this messenger molecule. This small free radical diffuses
across cellular compartments and between cells without
requiring transporters and/or receptors and, as such, its
biological activity is greatly influenced by the distribution
and local concentration of molecular targets such as soluble
guanylate cyclase, heme and thiol containing proteins,
mitochondria, and other radical species (Ledo et al. 2004b;
Laranjinha and Ledo 2007; Garthwaite 2008; Thomas et al.
2008; Laranjinha et al. 2012; Heinrich et al. 2013). Once
again, determination of total enzyme activity, expression
level or mRNA content is unable to provide useful infor-
mation regarding changes in *NO bioactivity in a tissue as
complex at both the cellular and molecular level as the
brain (Lourenco et al. 2014).

Besides nNOS expression, other factors may contribute
to shape *NO concentration profiles during senescence,
including regulation and effective coupling to the gluta-
mate pathways or emergence of novel molecular targets in
the cellular milieu. In particular, a shift in the intracellular
redox status can alter the activity of the NMDAr- and
NMDAr-dependent functions, such as plasticity. Recent
reports have shown, in middle-aged male F344 rats, a
correlation between decrease in acquisition and retention in
NMDAr-dependent behavioral tasks and redox-sensitive
decrease in NMDAr synaptic transmission (Kumar and
Foster 2013). Several cysteine residues on the NMDAr
subunits may be sensitive to redox agents, including *NO,
and are thus involved in modulation of NMDAr activity
(reviewed in Lipton et al. 2002).

The shift of redox balance observed during senescence
may impact “NO concentration dynamics by providing
competing molecular targets such as superoxide radical.
These two radicals can combine in a diffusion-limited
reaction, yielding the potent oxidant and nitrating agent,
peroxynitrite (Koppenol et al. 1992). Increasing levels of
intracellular superoxide radical could hypothetically
decrease *NO concentration in the extracellular space and/
or contribute to a decrease of its half-life, thus limiting "NO
bioavailability to participate as a neuromodulator in plas-
ticity-associated phenomena. The significance of increases
level of oxidants in aging has been recognized (Cui et al.
2012; Kong et al. 2014) and, in the context of the present
work, might contribute to the age-related decrease in glu-
tamate-liked *NO concentration dynamics.

While one may state that these results are in general
agreement with those which show decrease in nNOS pro-
tein or mRNA levels, or even nNOS activity with age, the
results presented here aim to explore the functional cou-
pling between glutamatergic activity and unique concen-
tration dynamics of *NO in the structures evaluated in the
intact and living brain. As such, comparison with other
biochemical quantifications obtained in tissue homogenates
is difficult to establish.

We previously characterized the different "NO concen-
tration dynamics coupled to glutamate receptor activation
in vivo in distinct regions of the CNS of anesthetized
Wistar rats (Lourengo et al. 2011, 2014). When comparing
the signal parameters obtained in this previous study with
the ones obtained here for the young F344 rats, we found a
general agreement when considering the peak flux obtained
for each region and the following gradient was observed:
striatum >hippocampus >cortex, which was also in
accordance with our previous findings in young Wistar rats.
The same was true for the temporal dynamics, with the
hippocampus presenting slower kinetics than the remaining
regions.
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To the best of our knowledge, the present study provides
the first quantitative information of the age-dependent
change in the glutamate-"NO signaling pathway in the
rodent brain. We report the concentration dynamics of *“NO
in the hippocampus (CAl), striatum, and cerebral cortex
upon activation of glutamate receptors in young, middle-,
and old-aged F344 rats. As previously demonstrated
exhaustively (Lourenco et al. 2011, 2014), the observed
concentration dynamics were decreased in the presence of
the nNOS inhibitor 7-nitroindazole and were not detectable
at a working potential of +0.4 V vs Ag/AgCl (data not
shown). In sum, the results presented here show a decrease
in potency of the glutamate-"NO signaling pathway in all
areas of the CNS evaluated, in agreement with decreased
performance in behavior testing, suggesting that this par-
ticular pathway is indeed critical in maintaining adequate
plasticity mechanisms which are subjacent to memory
and learning processes, such as LTP. This particular
approach which investigates the functional coupling
between receptor activation and production patterns of the
unique messenger “NO may potentially allow for a better
understanding of the molecular pathways associated with
aging when compared to other previous studies which have
relied on quantification of enzyme expression levels or
activity in tissue homogenates, or even determination of
amino-acid precursors of “NO such as L-arginine. Contrary
to these static quantifications, the approach here presented
evaluated responsiveness of this particular system, in vivo,
in real-time, and with a degree of spatial resolution not
achievable by other biochemical methods.
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