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Abstract—The hippocampus, a medial temporal lobe
structure necessary for the formation of spatial memory, is
particularly affected by both normal and pathologic aging.
In previous studies, we observed a significant age-related
increase in dopaminergic neuron loss in the hypothalamus
and the substantia nigra of female rats, which becomes
more conspicuous at extreme ages. Here, we extend our
studies by assessing spatial memory in 4-6 month-old
(young), 26-month-old (old) and 29-32-month-old (senile)
Sprague-Dawley female rats as well as the age-related
histopathological changes in their dorsal hippocampus.
Age changes in spatial memory performance were assessed
with a modified version of the Barnes maze test. We
employed two probe trials (PTs), one and five days after
training, respectively, in order to evaluate learning ability
as well as short-term and longer-term spatial memory reten-
tion. A set of relevant hippocampal cell markers was also
quantitated in the animals by means of an unbiased stereo-
logical approach. The results revealed that old rats perform
better than senile rats in acquisition trials and young rats
perform better than both aging groups. However, during
short-term PT both aging groups showed a preserved spa-
tial memory while in longer-term PT, spatial memory showed
deterioration in both aged groups. Morphological analysis
showed a marked decrease (94-97%) in doublecortin neuron
number in the dentate gyrus in both aged groups and a
reduction in glial fibrillary acidic protein-positive cell num-
ber in the stratum radiatum of aging rats. Astroglial process
length and branching complexity decreased in aged rats. We
conclude that while target-seeking activity and learning abil-
ity decrease in aged females, spatial memory only declines
in the longer-term tests. The reduction in neuroblast number
and astroglial arborescence complexity in the dorsal
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hippocampus are likely to play a role in the cognitive deficits
of aging rats. © 2015 IBRO. Published by Elsevier Ltd. All
rights reserved.
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INTRODUCTION

The hippocampus, a medial temporal lobe structure
necessary for the formation of spatial memory, is
particularly affected by both normal and pathologic
aging impairment (Scoville and Milner, 1957; Corkin
et al., 1997; Smith et al., 1999; Stefanacci et al., 2000).
In rats as in humans, learning and memory
performance declines with age which makes this rodent
species a suitable model to evaluate therapeutic
strategies of potential clinical value for restoring age-
related cognitive deficits. In previous studies we have
reported that hypothalamic or intracerebroventricular
insulin-like growth factor-1 (IGF-I) gene therapy is able
to reverse or at least attenuate the lactotrophic,
reproductive and motor derangements of aging female
rats (Herefiu et al., 2007; Nishida et al.,, 2011;
Rodriguez et al., 2013), and are now interested in assess-
ing the restorative potential of this intervention on the spa-
tial memory performance of aging female rats. In most
rodent studies, spatial memory has been assessed using
the Morris Water Maze (MWM, Morris, 1984) for which a
considerable performance database is available both for
rats and mice. Most rat studies on the impact of aging
on spatial memory have been performed in males (some
relevant studies are: Barnes et al., 1980; Frick et al.,
1995; Barrett et al., 2009; Bizon et al., 2009; McQuail
and Nicolle, 2015), a fact that makes it difficult to establish
eventual sex-related differences in the impact of aging on
cognitive performance. A potential disadvantage of the
MWM in aging studies is that it requires a substantial
degree of physical fitness. This has led some investiga-
tors to prefer the less physically demanding Barnes maze
(Barnes, 1979), especially for aged rats. In both tests, rats
learn to use spatial cues to guide them to a hidden plat-
form or tunnel. While the MWM involves immersion in
water, a stimulus that provokes considerable corticos-
terone and corticotropin release (Sternberg et al., 1992),
in the Barnes maze animals are placed on an open,
unprotected circular platform for them to walk in search
of the escape tunnel. Comparison between the Barnes
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maze and MWM in mice has shown that the latter induces
higher circulating corticosterone concentration than the
former and that serum corticosterone levels show an
inverse correlation with the performance of the animals
in the MWM but not in the Barnes maze (Harrison et al.,
2009). Furthermore, even at the tepid temperatures
typically used in MWM studies, swim stress also causes
sympathetic activation and peripheral adrenaline release,
especially in aged rats (Mabry et al., 1995).

In order to generate a reference framework for future
therapeutic investigations in female rats, in the present
study we undertook to characterize the changes in
spatial memory in old and very old (senescent) females
using a modified version of the Barnes maze so that
nonspecific exploration and target-seeking activity as
well as the ability for acquisition and retention of spatial
information can be compared in the different age
groups. A set of relevant hippocampal cell markers was
also quantitated in the animals by means of an
unbiased stereological approach.

EXPERIMENTAL PROCEDURES
Animals

Forty-two young (4-6 months), twenty old (26 months)
and thirty-seven senile  (29-32 months) female
Sprague—-Dawley (SD) rats weighing 199 + 1, 271 £ 5
and 267 + 5g, respectively were used. Animals were
housed in a temperature-controlled room (22 + 2 °C) on
a 12:12-h light/dark cycle. Food and water were
available ad libitum. All experiments with animals were
performed in accordance to the Animal Welfare
Guidelines of NIH (INIBIOLP’s Animal Welfare
Assurance No A5647-01).

Spatial memory assessment

The modified Barnes maze protocol used in this study was
based in part on a previously reported procedure (Vargas-
Lopezetal., 2011). It consists of an elevated (108 cm to the
floor) black acrylic circular platform, 122 cm in diameter,
containing twenty holes around the periphery. The holes
are of uniform diameter (10 cm) and appearance, but only
one hole is connected to a black escape box (tunnel). The
escape box is 38.7-cm long x 12.1-cm wide x 14.2-cm in
depth and is removable. A white-squared starting chamber
(an opaque, 20 cm x 30 cm long, and 15 cm high, open-
ended chamber) is used to place the rats on the platform.
Four proximal visual cues are placed in the room, 50 cm
away from the circular platform. The escape hole was num-
bered as hole 0 for graphical normalized representation
purposes, the remaining holes being numbered 1-10
clockwise, and —1 to —9 counterclockwise (Fig. 1). Hole
0 remained in a fixed position, relative to the cues in order
to avoid randomization of the relative position of the escape
box. During the tests the platform was rotated daily. A 90-
dB white-noise generator and a white-light 500-W bulb pro-
vided the escape stimulus from the platform. We used an
abbreviated protocol based on three days of acquisition tri-
als (ATs), followed by two probe trials (PT) (1 and 5 days
after training) to assess recent and longer-term spatial
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Fig. 1. Barnes Maze design used in the present study. The maze
consists of a black acrylic circular platform, 122 cm in diameter,
containing twenty holes around the periphery. The holes are of
uniform diameter (10 cm) and appearance, but only one hole is
connected to a black escape box. An opaque squared starting
chamber is used to place the rats on the platform. Four proximal
visual cues are located in the room, 50 cm away from the circular
platform. The escape hole is numbered as hole 0 for graphical
normalized representation purposes, the remaining holes being
numbered 1-10 clockwise, and —1 to —9 counterclockwise. Hole 0
remains in a fixed position, relative to the cues in order to avoid
randomization of the relative position of the escape box.

memory retention. An AT consists of placing a rat in the
starting chamber for 30 s, the chamber is then raised,
and the aversive stimuli (bright light and high pitch noise)
are switched on and the rat is allowed to freely explore
the maze for 120 s. Probe trials are defined as trials where
the escape box has been removed, their purpose being to
assess the latency to explore the empty escape hole and
the error frequency. After the starting chamber is raised,
the rat is given 120 s to explore and the number of explo-
rations per hole is recorded. On the day before the first trial
(experimental day 0), rats underwent a habituation routine
to let them get acquainted with the platform and the escape
box. Once AT started, rats were tested (120 s per trial) with
the escape box, two times per day for three consecutive
days (experimental days 1-3). On day 4, rats were submit-
ted to a first probe trial (PT1) during 120 s without escape
box, followed by a 120-s reinforcement trial with the escape
box in place. Afterward, rats had a 4-day rest (days 5, 6, 7
and 8) and on day 9 they were submitted to a second probe
trial (PT2). In order to eliminate olfactive clues from the
maze and the boxes, the surfaces were cleaned with
10% ethylic alcohol solution, after each trial.

The behavioral performances were recorded using a
computer-linked video camera mounted 110 cm above
the platform. The video-recorded performances of the
subjects were measured using the Kinovea v0.7.6 (http://
www.kinovea.org) and Image Pro Plus v5.1 (Media
Cybernetics Inc., Silver Spring, MD, USA) software. The
behavioral parameters assessed were as follows.

(a) Escape box latency: time (in s) spent by an animal
since its release from the start chamber until it
enters the escape box (during an AT) or until the
first exploration of the escape hole (during a PT).

(b) Non-goal hole exploration: number of explo-
rations of holes different from the escape one.
Each exploration of an incorrect hole is counted
as an error, provided that the rat lowers its nose
below the plane of the table surface.
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(c) Hole exploration frequency in the goal sector
(GS): the sum of the number of explorations for
holes —1, 0, and 1 divided by 3, during a PT.

(d) Hole exploration frequency in the non-goal sec-
tor (NGS): the sum of explorations of the 17 non-
goal holes (i.e., all except holes —1, 0, + 1) divided
by 17, in a single PT.

(e) Goal Sector Preference: ratio between GS
explorations per hole and NGS explorations per
hole. Provides an index of the accuracy with which
rats of the same age group remember the GS.
Unlike hole exploration frequency, this index is inde-
pendent from the target-seeking activity level of the
animals in a given age group.

(f) Total exploratory activity: the sum of all
explorations of a rat in the first AT. This parameter
represents the nonspecific exploratory activity of
the rats (before they become aware of the presence
of an escape box).

(g) Target-seeking activity: the sum of explorations
for all holes in a PT, divided by 20 (ie. mean explo-
rations per hole).

(h) Path length: distance (in cm) covered by an animal
during a given trial, estimated on the basis of recon-
structing the route using Image Pro Plus v5.1 soft-
ware (every 2 s the position of the body center of
the rat was followed by manual track object tool in
order to reconstruct the route).

(i) Mean velocity: path length divided by escape box
latency (in cm/s). Path length was divided by trial
duration during acquisition and probe trials. This
measurement does not discriminate between activ-
ity and inactivity periods. Path length and mean
velocity are reference parameters for locomotion
performance.

Behavioral measurements per trial were grouped for
later repeated-measures intra-group comparisons.
Significance levels were set at P < 0.05.

Brain processing

Animals were placed under deep anesthesia and perfused
with phosphate-buffered para-formaldehyde 4%, (pH 7.4)
fixative. The brains were rapidly removed and stored in
para-formaldehyde 4%, (pH 7.4) overnight (4 °C). Finally,
brains were maintained in cryopreservative solution at
—20 °C until use. For immunohistochemical assessment,
brains were cut coronally in 40-pum-thick sections with a
vibratome (Leica).

Nissl stain

In order to quantify the total number of neurons in the dorsal
hippocampus, Nissl staining was performed on brain
sections prepared using the same fixation and cutting
protocol described for immunohistochemical procedures
(see below). Sections were thoroughly rinsed with PBS,
put on gelatin-treated slides and air-dried overnight.
Then, slides were briefly washed in distilled water and
then immersed in a 0.5% Cresyl Violet solution at 37 °C
for 10 min. Afterward, they were washed rapidly in

distilled water and dehydrated through a series of graded
ethanol (95% 2 x 30 min and 100% 2 x 5 min each) and
cleared in xylene (2 x5min each). Slides were
coverslipped using Vectamount (Vector Labs, Inc.,
Burlingame, CA, USA).

Immunohistochemistry

All immunohistochemical techniques were performed on
free-floating sections. For each animal, separate sets of
sections were immunohistochemically processed using
either an anti-glial fibrillary acidic protein (GFAP)
monoclonal antibody 1:500 (G3893, Sigma, Saint Louis,
MO, USA) or an anti-doublecortin (DCX) goat polyclonal
antibody 1:250 (c-18, Santa Cruz Biotech., Dallas, TX,
USA).

For detection, the Vectastain® Universal ABC kit
(Vector Labs., Inc., Burlingame, CA, USA) employing 3,
3-diamino  benzidinetretrahydro-chloride (DAB) as
chromogen, was used. Briefly, after overnight incubation
at 4°C with the primary antibody, sections were
incubated with biotinylated horse anti-mouse antiserum
(1:300, BA-2000,Vector Labs.) or horse anti-goat
antiserum (1:300, BA-9500, Vector Labs), as appropriate,
for 120 min, rinsed and incubated with avidin—biotin-
peroxidase complex (1:500, PK-6100, Vector ABC Elite
Kit) for 90 min and then incubated with DAB. Sections
were dehydrated, mounted with Vectamount (Vector) and
used for image analysis.

Image analysis

In each hippocampal block, one of every six serial sections
was selected in order to obtain a set of non-contiguous
serial sections spanning the dorsal hippocampus.
Typically, a whole dorsal hippocampus comprises about
66 coronal sections, thus yielding six sets of non-
contiguous serial sections (240 um apart). The number of
cells was assessed in the dorsal hippocampus which is
located between coordinates —2.8 mm to —4.5 mm from
the bregma (Paxinos and Watson, 1998) using an
Olympus BX-51 microscope, at 500x magnification,
attached to an Olympus DP70 CCD video camera
(Tokyo, Japan). Cells were counted in six anatomically
matched sections per animal. The total number of cells
was estimated using a modified version of the optical disec-
tor method (West, 1993). Individual estimates of the total
bilateral neuron number (N) for each region were calcu-
lated according to the following formula:
N = RQZX-1/ssf-1/asf-1/tsf, where RQX is the sum of
counted neurons, ssf is the section sampling fraction, asf
is the area sampling fraction, and tsf is the thickness sam-
pling fraction. Cells in the uppermost focal plane and/or
intersecting the exclusion boundaries of the counting frame
were not counted. In all cases, ssf was equal to 1/6 and tsf
was equal to 1.

Nissl stained sections

The total number of pyramidal cells in the CA1 region on
Nissl-stained sections was assessed using counting
frames measuring 20-pm x 20-pm at 500x magnification.



192 G. R. Morel et al. /[ Neuroscience 303 (2015) 189-199

The volume of the striatum radiatum and hilus was
measured based on the Cavalieri principle following the
formula: V = t x > A/, where t is the distance between
sections and > Ai represents the sum of areas of
each section. Random sampling was done using a
100-pim x 100-pum grid point distance.

Neuroblast analysis

Neuroblast doublecortin-positive {DCX(+) cells} humber
was assessed using a modified optical fractionator
technique (West, 1993) in which we did not use guard
zones, making the height of the counting frame equal to
section thickness. The top plane was used as the exclu-
sion plane. Due to the low numbers of DCX neurons,
the entire subgranular zone (SGZ) and granular cell layer
(GCL) sections were used as the counting frame, making
the asf = 1. The ssf was 1/6. Estimates were based on
counting DCX(+) cell bodies as they came into focus.
N = 6 animals per group.

Astroglial cells

The number of GFAP(+) cells was assessed in the
striatum radiatum (beneath the CA1 region) and hilus of
the dorsal hippocampus. The number of specimens (N)
was 5, 6 and 5 for the Y, O and S groups, respectively. A
counting frame corresponding to 50-pm x 50-pm was
employed. Additionally, the area of GFAP(+) cells was
determined in the striatum radiatum. A minimum of 30
GFAP(+) cells per region were randomly chosen and
captured in each hippocampus under 500x
magnification. Only those cells showing completely
developed processes and relatively isolated from
neighboring cells were selected for the analysis. Cell area
was measured using histogram-based segmentation with
Image Pro Plus software v5.1, while process numbers
and length were drawn on a printed image and scanned
with a Hewlett—Packard Scanjet G2410 scanner and then
scaled up and analyzed with NIH software Imaged
running the Sholl Analysis Plugin v1.0. This technique
(Sholl, 1953) consists of superimposing a grid with concen-
tric rings or shells distributed at equal distances d centered
on the soma of a cell. The number of process intersections i
per shell was computed and branching complexity evalu-
ated. The length of the processes was estimated by the
sum of the products of d by i for each ring. Branching
complexity and process length analysis could not be done
for DCX cells due to insufficient number of cells to achieve
statistical validity, particularly in the aged rats.

Statistical analysis

Data were compiled and analyzed with the Sigma Plot v.
11 software (San Jose, CA, USA). Comparisons between
groups were made using a repeated-measures ANOVA
for the acquisition and probe trials, whereas factorial
ANOVA was used for stereological data. Behavioral and
stereological data are presented as mean + SEM.
Holm—Sidak and Tukey’s post hoc tests were used
where appropriate. Criteria for significant differences
were set at the 95% probability level.

RESULTS

Cognitive changes

Latency to escape box. After AT1, escape hole
latency fell rapidly in young and more gradually in old
rats, but remained virtually unchanged throughout the
six AT in the senile animals (Fig. 2, left upper panel;
two-way RM ANOVA F,5 (age) = 28.793; P < 0.001;
Fy5 (trial) = 15.987; P < 0.001). From AT 2-4, young
animals showed a better performance in the time to
reaching the escape hole than both aging groups but at
AT 5 and 6 the old rats caught up with their young
counterparts.

In PT1 (1 day after ATs), escape hole latency was
significantly longer in senile than in young rats whereas
young and old animals performed similarly (Fig. 2, right
upper panel; two-way RM ANOVA F, 4 (age) = 27.374;
P < 0.001; F,4 (trial) = 11.072; P = 0.001). In PT2
(5 days after ATs), escape hole latency was significantly
longer in both old and senile than in young rats. The old
and senile rats that froze when placed on the platform
were removed from the study.

Errors to escape box. During the AT series, non-goal
hole exploration (i.e., errors) numbers decreased
significantly from AT1 to AT2 in the young rats,
remaining constant afterward. This reduction in error
frequency was also significant but less consistent in old
rats. Only in AT4, differences between young and aged
rats became significant (Fig. 2, left lower panel, two-way
RM ANOVA F,5 (age) =5.435; P =0.06; Fy5
(trial) = 3.988; P = 0.002). In PT2 but not in PT1, old
and senile animals showed an increase in the number
of errors as compared to young rats (Fig. 2, right lower
panel; two-way RM ANOVA F;, (age) = 6.256;
P < 0.003; F4, (trial) = 0.097; NS). This increase was
significant in old, but was only a trend in senile rats
(P = 0.061).

Hole  exploration  frequency. Hole  exploration
frequency showed a bell-shaped distribution around hole
0 in PT1 in all age groups (Fig. 3, middle and lower
panels). However, the shape of the bell was less well-
defined as the age of the animals increased, reflecting a
progressive age-related deterioration of recent spatial
memory. In PT2 hole exploration frequency also showed
a bell-shaped distribution around hole# 0, but the shape
of the curve was less well-defined than in PT1
particularly for the old and senile groups. In PT2 the
curve for senile rats retained little resemblance to a bell.

Goal sector exploration. Young rats showed a
significantly higher exploratory activity than aging rats
for the GS in both PT1 and PT2, particularly when the
GS was taken as hole 0 instead of holes —1, 0 and 1
(Fig. 3, upper panels, one-way ANOVA F, (age) had a
P < 0.01 for the four plots), whereas the exploratory
frequency for the NGS was less affected by age (data
not shown). Total nonspecific exploratory activity for
each age group was {mean + SEM explorations in AT1
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Fig. 2. Effect of age on learning and spatial memory retention. Upper panels show escape hole latency throughout training (upper left panel) and in
probe trials (upper right panel). Lower panels show the number of errors during training (left lower panel) and probe trials (right lower panel).
Learning ability was assessed by performing six acquisition trials during three days (2 AT per day). Note that young rats show the greatest overall
reduction in primary errors (errors made before the first exploration of hole 0) during acquisition. All data are represented as mean + SEM.
Comparisons are made versus the corresponding young data point. ‘P < 0.05; Number of young, old and senescent rats for AT was 30, 20 and 15

and was 42, 20 and 37 for PT, respectively.

(n = number of rats)}, 3.9 £ 0.5 (n=28), 55+ 0.8
(n = 20) and 3.5 £ 0.6 (n = 17) for the young, old and
senescent groups, respectively and did not differ
significantly among age groups. In contrast, target-
seeking activity declined with age and was slightly lower
in PT2 than PT1 for each age group (Table 1).

The preference of rats to explore the GS versus NGS
was chosen as an index dependent of spatial memory but
not of target-seeking activity. In PT1, GS preference did
not change significantly with age even when the GS
was restricted to hole 0. In contrast, GS preference fell
significantly with age in PT2, particularly when the GS
was defined as hole 0 (Fig. 4).

Path length. From AT1 through AT6 the distance
walked to find the target hole diminished in young and old
but not in senile rats (Fig. 5, left panel; two-way RM
ANOVA Fas (age) = 7.496; P < 0.05; Fos
(trial) = 5.990; P < 0.001) whereas probe trials revealed
no significant differences among the age groups (Fig. 5,
right panel; two-way RM ANOVA F, 4 (age) = 1.782; NS;
F4 (trial) = 3.449; NS).

Mean velocity. Mean velocity showed a significant
although irregular increase throughout the training trials
in young animals but remained without significant
changes, in both old and senile rats (Fig. 6, left panel;
two-way RM ANOVA F,s (age) = 19.677; P < 0.001;
F5 (trial) = 3.091; P < 0.02). Mean velocity was
comparable in young and old rats but decreased
significantly in the senile animals during both PT (Fig. 6,
right panel; two-way RM ANOVA F, 4 (age) = 4.697;
P < 0.02; Fy4 (trial) = 3.584; P = 0.07 (NS)).

Morphologic age changes in the dorsal hippocampus

A stereological assessment of neurons, migrating
neuroblasts and glial cells was performed in the dorsal
hippocampus of young and aged rats. Nissl staining
revealed no differences among the three age groups in
the number of neurons in the CA1 of the stratum
pyramidale, nor in the volume of stratum radiatum or
hilus (Table 2). In contrast, there was a 94% and 97%
reduction in the number of DCX cells (neuroblasts) in
the dentate gyrus (DG) of old and senile rats,
respectively as compared with the young animals
(Fig. 7D; one-way ANOVA; F, (age) = 42.868;
P < 0.001).

The number of GFAP (astroglial) cells declined
progressively with age in the stratum radiatum, showing
a 25% (P < 0.05) and 28% (P < 0.05) reduction in the
old and senile rats, respectively as compared with the
young animals (Fig. 7H; one-way ANOVA; F, = 13.375;
P < 0.006). In contrast, the number of GFAP cells in
the hilus region was not significantly affected by age
(data not shown). Although no significant age changes
were detected in the size of processes in GFAP cells, a
significant reduction in length and complexity was found
in the stratum radiatum (Fig. 8; one-way ANOVA;
F, = 11.469 P < 0.001).

DISCUSSION

Taken together, our behavioral results showing that
spatial memory is impaired in old and senescent SD
female rats are qualitatively consistent with the
consensus results that have emerged from previous
studies in other rat strains based either on the MWM or
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Table 1. Target-seeking activity of young and aging rats

Age group Young Old

Senescent

Probe trial 1

Total activity (# of explorations) 6.9+ 04n=30

6.6 £+ 0.5n =19

41 +£04n=21 Y vs. S P < 0.05 other NS

Explorations per hole 0.34 +£ 0.02 0.33 £ 0.03 0.20 £+ 0.02 Y vs. S P < 0.05 other NS
% versus young 100% 96% 59%
A% - 4 41

Probe trial 2

Total activity (# of explorations) 6.1 +£04n=29

51+05n=20

36+04n=24 Y vs. S P < 0.05 other NS

Explorations per hole 0.30 = 0.02 0.26 + 0.03 0.18 = 0.02 Y vs. S P < 0.05 other NS
% versus young 100% 84% 59%
A% - 13 41

Barnes maze (Barnes et al., 1980; Frick et al., 1995;
Barrett et al., 2009; Bizon et al., 2009; McQuail and
Nicolle, 2015). A study in SD female rats of different ages
used two performance parameters, errors per day and cri-
terion attainment, to assess Barnes maze performance
(Barrett et al., 2009). It was found that the errors per
day increased with age which is in line with our results,

although we observed a more gradual, age-related
increase in the number of errors during the training trials,
as did Barnes in Long—Evans male rats (Barnes, 1979). In
the above study by Barret et al., the % of rats reaching cri-
terion during the trial period declined with age. Instead of
criterion, we measured the latency to escape box during
ATs as a learning index and also found a decline of
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rations per hole, in the different age groups, for GS consisting of
either hole# 0 or holes —1, 0, 1. This ratio provides an index of the
accuracy with which rats of the same age group remember a given
GS. Notice that this ratio is independent from the target-seeking
activity level of rats in a given age group. Statistical comparisons are
made versus the young group of each set. ‘P < 0.05; “P < 0.01.
Number of young, old and senescent rats for PT1 was 30, 19 and 21
and for PT2 was 29, 20 and 24, respectively. Other details are as in
Fig. 2.

learning ability in the aged females. In a previous study in
middle-aged (12 months) SD females, we observed no
changes in learning ability or spatial memory as com-
pared with young (2 months) counterparts (Morel et al.,

unpublished). The MWM probe trial, which measures
specifically the spatial component of target-finding, has
no counterpart in the Barnes maze, although more
recently, removal of the escape box has been used to
assess spatial memory extinction (Vargas-Lopez et al.,
2011). By removing the escape box at the end of the train-
ing period we introduced the PT in our variant of the test,
which enabled us to assess memory-dependent and inde-
pendent parameters as well as recent (PT1) and longer-
term (PT2) retention of spatial memory, whose magnitude
is proportional to the inverse of spatial memory extinction.
The moderate deterioration in recent (PT1) and longer-
term (PT2) spatial memory retention, as assessed by
latency to escape hole and number of errors, revealed
by our study is in line with PT in MWM studies in young
(3 months) and middle-aged (12 months) male SD rats
where no significant age differences were detected either
in platform trials (using swim time and swim distance
measures) and in the one-probe trial measure (percent
of swim path spent in the correct quadrant). However,
the 12-month-old rats were impaired on the platform
crossings measure during the probe trial (Fischer et al.,
1992).

Similarly, in another MWM study it was found that 11-
month-old Fischer-344 rats are impaired in the platform
crossings measure but not in other less challenging PT
(Frick et al., 1995). Note that the platform crossings mea-
sure is a highly challenging measure because it requires
precise localization of the platform. The two above reports
indicate the presence of a mild spatial reference memory
deficit in rats as young as 11-12 months which becomes
detectable only in difficult measures of performance.
Relative to MWM PT, our PT can be considered slightly
less difficult. The distribution profile of hole exploration
frequencies in PT1 and PT2 provides a useful index of
recent and longer-term spatial memory retention. The
sharpness of the bell-shaped curve around hole 0 reflects
the accuracy with which rats remember the spatial loca-
tion of the escape hole in the absence of the tunnel. A
similar bell-.shaped distribution of exploratory activity
has been reported in 66-day old male Wistar rats in the
Barnes maze (Vargas-Lopez et al., 2011). This accuracy
deteriorates with age and to a lesser extent, with the time
elapsed since the end of the training period. In order to
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Fig. 5. Path length evolution throughout training and probe trials. Left Panel illustrates six acquisition trials during three days (at 2 AT per day).
Distance traveled in the maze was progressively reduced in young and old but not in senile rats. Right Panel shows path length in two probe trials
performed four days apart, in young, old and senile rats. Path length was no different among age groups. N values and other details are as in Fig. 2.

The Holm-Sidak post hoc test was used for group comparisons.
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Fig. 6. Mean Velocity evolution throughout training. Left Panel illustrates six acquisition trials during three days. Mean velocity in the maze
progressively increased in young but not in old and senile rats. Note that old rats began with higher speeds than their young counterparts. Right
Panel shows mean velocity in two probe trials five days apart. Senile rats showed a significantly lower speed than young and old counterparts in
both probe trials. (Holm—Sidak pos-hoc method applied to probe trial 1 and Dunn’s Method for probe trial 2). N values and other details are as in Fig
2.

Table 2. Mean volume of stratum radiatum and hilus and neuron number in the CA1 region of young, old and senile female rats

Young Old Senile

1.92 + 0.03 mm? (n = 3) 1.73 £ 0.16 mm? (n = 3)

SR volume (One-way ANOVA: F, = 0.343; 1.99 + 0.13 mm® (n = 3)
P = 0.658)

Hilus volume (One-way ANOVA: F, = 3.069; 0.52 + 0.03 mm?® (n = 2)
P = 0.135)

Neuron number in CA1 (One-way ANOVA:
F, = 0.449; P = 0.658)

84,547 + 4454 (n = 3)

0.50 + 0.02 mm?® (n = 3) 0.54 + 0.02 mm?® (n = 3)

94,544 + 11,986 (n = 3) 93,697 % 6472 (n = 3)

have a more convenient way to quantitate spatial memory
retention we calculated the GS exploratory frequency,
expressed as the mean number of explorations per GS
hole. This parameter was calculated for a GS consisting
of only the escape hole and for a GS consisting of hole
—1,0and 1, and in the two instances we observed a sig-
nificant age-related fall in GS exploration frequency, par-
ticularly when GS was taken as only the escape hole. At
least two components contribute to the magnitude of GS
exploration frequency, namely spatial memory retention
and target-seeking activity. The latter mainly depends
on the motivation to search for the escape hole which
our results show to decline with age (Table 1). Since non-
specific exploratory activity did not change with age, it
seems that it is the drive to find the escape box what decli-
nes with age. While swim speed declines with age in the
MWM (Bizon et al., 2009), locomotive activity (mean
velocity) in the Barnes maze does not (Frick et al. and
Fig. 6), which makes it unlikely that physical fitness plays
a role in the decline of the GS exploratory frequency in the
aged rats. Goal Sector preference, a parameter not
affected by age changes in target-seeking motivation,
revealed that recent spatial memory is not significantly
affected by age under the mild stress conditions of the
Barnes maze. In contrast, longer-term spatial memory,
assessed by measuring GS preference, significantly dete-
riorates with age, particularly when the test requires high
accuracy (i.e., single hole GS). It should be pointed out
that there are other noncognitive factors likely to affect
GS preference in aged rats. One of them is the decline
in visual acuity that occurs in aged rats. Therefore, GS
preference in not reflecting purely cognitive abilities.

Several studies have documented that the
progressive decline in spatial memory performance in
aged rats is associated to, and probably preceded by
underlying structural, cellular and molecular changes in
the hippocampus, the vast majority of data having been
generated in males (Sugaya et al., 1996; Geinisman
et al., 2004; Jacobson et al., 2008; Begega et al., 2012;
Masser et al., 2014).

In order to find a possible correlation between
behavioral performance and morphological changes in
the dorsal hippocampus of aged female rats, we
performed a stereological assessment of neurons and
astroglial cells in two regions vulnerable to aging,
namely the CA1 and DG regions. In line with
observations in aged males (Rapp and Gallagher, 1996)
no significant adult neuron loss was detected in the dorsal
hippocampus of our aged females. However, other stud-
ies reported hippocampal neuronal loss in aged rats.
Thus, Shetty and Turner (1999) found a decreased num-
ber of hilar neurons in male 22-month-old Fischer 344
rats. In addition, Azcoitia et al. (2005) reported a
significant neuronal loss in the dentate hilus of male
Wistar rats aged between 22- and 24-month-old, com-
pared with 18-month-old counterparts. This discrepancy
could be accounted for by differences in the hippocampal
region studied, as we counted in the whole hippocampus,
not just in the hilus.

Doublecortin is a cytoskeleton-associated protein
involved in structural plasticity (Gleeson et al., 1999)
and is widely expressed during the central nervous
system development, becoming progressively restricted
during adulthood, with high expression within regions of
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Fig. 7. Doublecortin (DCX) and glial fibrillary acidic protein (GFAP)
expression in the dorsal hippocampus of young, old and senile rats.
Images: Coronal sections of the dentate gyrus in representative
animals of each age group showing DCX(+) neurons (Panels A-C)
and of the stratum radiatum for GFAP (+) cells (Panels E-G). Scale
bars =100 pum for DCX images and 25 pim for GFAP. DCX and GFAP
cell numbers are plotted in Panel D and H, respectively. Note the
sharp age-related fall in DCX cell numbers. Abbreviations: dh
(dentate hilus); gcl (granular cell layer); ml (molecular layer).
Number of young, old and senescent hippocampi assessed for
DCX was 6 for the 3 age groups and was 5, 6 and 5, respectively for
GFAP. Other details are as in Fig. 2. The Holm-Sidak post hoc test
was used for group comparisons in both plots.

persistent neurogenesis (Francis et al., 1999; Nacher
et al., 2001). In newly generated neurons, DCX acts in
the microtubule cytoskeleton to promote/allow migration
and differentiation of immature neurons (Koizumi et al.,
2006). Our finding that hippocampal neurogenesis is dra-
matically reduced in aged female rats is in line with the
results from Kuhn et al. (1996) who labeled Fischer 344
female rats with BrdU and found that 12-27-month-old
animals exhibited a significant decline in the density of
BrdU-positive cells in the hippocampal granule cell layer
as compared with 6-month-old counterparts. In Wistar
female rats, Perez-Martin et al. (2005) observed a signif-
icant reduction in the number of BrdU-immunoreactive
cells in 22-month-old as compared with 14- and
18-month-old animals. Furthermore, Rao et al. (2006)
demonstrated that newly born neurons in the aging DG
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Fig. 8. Impact of age on the length and complexity of glial processes
in the stratum radiatum. Astroglial process numbers and length were
drawn on a printed image, scaled up and analyzed with NIH software
ImageJ running the Sholl Analysis Plugin v1.0. As shown by the
scheme over the graph, a grid with concentric rings or shells
distributed at equal distances d centered on the soma of a cell was
superimposed on GFAP immunoreactive astrocyte images. The
number of process intersections i per shell was computed and
branching complexity evaluated. The length of the processes was
estimated by the sum of the products of d by i for each ring. Holm—
Sidak post hoc test; Double asterisks represent highly significant
differences (P < 001) of aged animals versus the corresponding
young control for the indicated points. The number of hippocampi
assessed was three for each age group. Scale bar=20 pm.

exhibit diminished dendritic growth when compared with
their counterparts in the young DG.

The sharp fall in neurogenic potential in the dorsal
hippocampus of aged rats is likely to play a role in their
spatial memory deficits.

Astrocytes display increasing activation with age, a
phenomenon that is disruptive to neuronal function
(Rozovsky et al., 2005). In this context, GFAP, an inter-
mediate filament protein, is known to be overexpressed
by reactive astroglia. Although the variable changes that
we observed in GFAP expression in the dorsal hippocam-
pus of our aged rats are difficult to interpret, it seems rea-
sonable to assume that they are likely to contribute to the
overall decline in cognitive function.

The age-related reduction that we observed in the
length and complexity of hippocampal astrocytes was a
more consistent finding than the changes in GFAP. A
reduced branching in aged astrocytes may impair the
ability of these glial cells to provide trophic support to
neurons. In contrast to the classical synapse paradigm,
nowadays it is well accepted that astrocytes play a key
role in this process, giving rise to the concept of
tripartite synapse (reviewed in Perea et al., 2009).
Therefore, less branched astrocytes in the aged hip-
pocampus may be less effective to strengthen synapse
functioning. Since astrocytes play a relevant role in the
metabolism of neurotransmitters by regulating extracellu-
lar potassium and glutamate homeostasis (Ota et al.,
2013), it is also possible that the observed age-related
reduction in astrocyte branching adversely affects these
parameters.
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Conclusions

We conclude that the Barnes maze is a convenient tool to
quantitate the different components of spatial memory in
aged rats and is sufficiently sensitive to detect age
changes in these components. The aged female SD rat
shares, in general terms, cognitive and cellular
hippocampal cell deficits with other rat strains and
represents a suitable animal model for implementing
therapeutic interventions that by boosting hippocampal
neurogenesis and revitalizing glial cells and neurons,
may restore cognitive function in old individuals.
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