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Memory is a complex cognitive process and essential for developing
survival strategies. It involves many different aspects with regards to
learning and information storage such as the encoding, consolidation
and retrieval of memories. In addition, there are different kinds of
memory such as implicit and explicit or semantic and episodic. These
different types of memory are associated with different neuronal
structures and pathways. For example, explicit memory has been
shown to be impaired after bilateral denervation of the input to the
hippocampus, entorhinal, perirhinal and parahippocampal cortices,
while implicit memory seems to remain intact under those
conditions [1,2].

One very important modality of memory is spatial memory.
Spatial memory refers to the ability to remember specific locations
and places using spatial cues to obtain a spatial map. It relies in part
on the integrity of the hippocampus, which is an important brain
structure for the encoding, consolidation, and retrieval of memories
[3,4]. Spatial memory is phylogenetically old and is preserved in
several species. Over the ages, the hippocampus has increased in
size in the groups of animals that rely on spatial abilities like birds
and mammals [5]. Its evolution seems to be linked to the appearance
of a home range so animals can navigate through a territory, locate
food and find shelter [6]. Recent developments have begun to
increase our understanding of the neural mechanisms underlying the
formation of spatial memories.

Case studies on hippocampal damage show how crucial the
hippocampus is for consolidation as well as retrieval of information
in humans. V.C. was a patient whose complete hippocampus was
removed and had retrograde amnesia for her entire lifespan. This
case suggested that total hippocampal removal leads to retrograde
amnesia (loss of old memories) and anterograde amnesia (inability to
form new memories) for explicit information for the entire life span
[7,8,9,10]. Other patients with similar loss of the hippocampus,
including patients R.B. and G.D., seemed to have retrograde amnesia
for just 1-2 years [9]. Another case (patient H.M.) has been
extensively studied for his severe anterograde amnesia, which
started after a bilateral medial temporal lobe resection to help with
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the patient’s intractable seizures. Brain tissue removed was
approximately 8 cm from the anterior poles, which seemed to have
bilaterally destroyed the anterior two-thirds of the hippocampus and
the hippocampal gyrus, the amygdala and periamygdaloid cortex
[10,11].

The Hippocampus and Memory

The hippocampus is a neural area, which is important in the
encoding, consolidation and retrieval of memories [3,4]. The
hippocampal formation plays a crucial role in the formation of
memories, this structure is very plastic and it has often been
implicated in declarative and episodic memory and in spatial learning
[3]. Early anatomists named the hippocampus for its resemblance to
a sea horse (in Greek ‘hippos’ means horse and ‘kampos’ means sea
monster) [8,12] (Figure 1).

Figure 1. A) Human hippocampus dissected free (left) and compared to a specimen of Hippocampus
leria (right). Photo from Professor Laszlo Seress, University of Pécs. Published in Amaral D. and Lavenex
P. (2006) ‘Hippocampal neuroanatomy’ in Anderson C., Morris R., Amaral D., Bliss T., O’Keefe, J. (eds.)
The hippocampus book. Oxford: Oxford University Press, pp.4-33. B) Diagram of the rat hippocampus.
Drawings showing the three-dimensional organization of the hippocampus and related structures.
Three coronal sections through the left hippocampus are shown at the bottom right of the figure, with
their approximate anteroposterior coordinate relative to bregma. CA1, CA2, CA3: cornu ammonis fields
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1-3; DG: dentate gyrus; EC: entorhinal cortex; f: fornix; s: septal pole of the hippocampus; S: subiculum;
t: temporal pole of the hippocampus. Figure number 3 from Cheung et al. [13] C) Classical drawing of
the hippocampal formation by Santiago Ramoén y Cajal Histologie du Systeme Nerveux de I'Homme et
des Vertebretes, Vols. 1 and 2. A. Maloine. Paris. 1911. Adapted from [14].

The hippocampus lays in the medial temporal lobes,
surrounded by the entorhinal, parahippoampal and perirhinal
cortices. It is part of the limbic system and it is connected to several
subcortical and cortical structures, such as the anterior thalamic
nuclei, the mammillary bodies, the septal nuclei of the basal
forebrain, the retrosplenial cortex and the parahippocampal cortex.
It has two main pathways, the perforant pathway, which connects it
to the posterior neocortex, and the fimbria-fornix, which connects it
to the thalamus, hypothalamus, basal ganglia and frontal cortex.
Most of the hippocampus’s neocortical inputs come from the
perirhinal and parahippocampal cortices, through the entorhinal
cortex, and most of its neocortical output is through the subiculum,
which also projects back to the entorhinal cortex [2].

The hippocampal formation, often referred to as the
hippocampus, has the form of a curve that extends from the lateral
neocortex of the medial temporal lobe to the midline of the brain. It
is a folded structure with two gyri, i.e.,the Ammon’s horn (CA) and
the dentate gyrus (DG) [15]. Both gyri have different cell-types,
i.e.,the CA consists of pyramidal cells and the DG consists of granule
cells and is one of two areas in the brain where there is a high level
of neurogenesis (birth of new neurons) throughout adulthood (see
Figure 2) [15,16,17,18]. The dentate gyrus receives the information
from a large number of brain regions such as the septum and the
entorhinal cortex and projects it to Ammon’s horn [18,19]. Ammon’s
horn is divided in four regions (CA1, CA2, CA3 and CA4, see Figure 3).
The most important regions of Ammon’s horn implicated in memory
are the CA1 and CA3 region.
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Figure 2. A) The structure and neuronal circuitry of the DG in the hippocampus of the adult rodent
brain. The input to the hippocampus is mainly provided by the entorhinal cortex through the perforant
path to the granule cells in the molecular layer in the DG. Each granule cell projects an axon (mossy
fiber, red line) to the CA3 region, where it synapses onto pyramidal cells. B) Neurogenesis in the DG.
Neural stem/progenitor cells reside in the SGZ, proliferate, and generate transiently amplifying
progenitors that produce immature granule cells. These immature cells migrate into the GCL, where
they differentiate into mature granule cells that project to the CA3 (mossy fibers). It takes
approximately 3 weeks to go from a proliferating cell to a mature granule neuron in the adult
hippocampus. DG, dentate gyrus; GCL, granule cell layer; SGZ, subgranular zone; ML, molecular layer.
Adapted from [92].

Figure 3. Photomicrograph of Golgi impregnated cells in the hippocampus where the Cornu Ammonis
(CA) and the dentate gyrus (DG) are clearly visible. Scale bar represents 400 um. Photomicrograph from
work in Chapter 3 of this thesis
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Spatial Memory

The term spatial memory refers to the type of memory needed to
acquire a spatial map and remember the locations using cues such as
a building [21]. The first indication of spatial memory formation in
the hippocampus was by O’Keefe and Dostrovsky [22] who
discovered the so called ‘place cells’ in the hippocampus of rats that
seemed to encode a spatial location. These cells produced action
potentials when the rat was in a specific location or was moving
towards that location. Further work has determined that spatial
learning and memory is dependent on functioning of the
hippocampus [3,4,23,24].

One of the most widely used animal models of spatial
learning and memory is the Morris Water Maze [24]. This task
consists of a circular pool of water with an invisible platform and
even though the animals are not able to smell or see the platform,
they easily learn its location in the circular pool using spatial cues
[24,25].

Morris [24,26] demonstrated that animals with lesions of the
hippocampus and its extrinsic fiber connections show deficits in
spatial learning and memory. Moser and Moser have gone on to
demonstrate that in particular the dorsal region of the hippocampus
is essential for spatial learning. Retrieval of spatial information
involves a widespread network in the hippocampus, i.e.,in the dorsal
70% [23].

Memory Formation and Hippocampal Plasticity

It has been suggested that memory formation involves neural
plasticity which modifies the communication between neurons
[4,27]. As mentioned earlier, the hippocampus is one of the two
structures in the brain where neurogenesis occurs at a high rate
during adulthood, and thus neuronal plasticity is thought to have a
function in the formation of memories [3,27,28,29]. Plastic changes
that appear to underlie memory formation include structural
changes in the neuron and the distribution and amount of synapses
[27,30]. It has been found that long term potentiation (LTP), which is
assumed to be the underlying physiological substrate of memory,
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produces mossy fiber synaptogenesis and, therefore, new
connections between neurons [31,32,33].

During LTP, connections between neurons are strengthened
by co-activation. Consequently, in memory traces, these assemblies
of co-activated neurons can be activated by stimulation of one of the
neurons in the assembly, leading to activation of the entire network
[20]. Thus, when neurons are co-activated, synaptogenesis can
occur, strengthening those connections, which are more often used.
More specifically, spatial learning involves synaptogenesis of the
mossy fiber tracks to the stratum oriens of the hippocampus [27,30].

In addition, learning itself has been demonstrated to enhance
the level of neurogenesis in the hippocampus
[29,34,35,36,37,38,39,40,41]. Of particular interest is the possibility
that the new synapses found in CA3 region may arise from new
granular neurons in the dentate gyrus [27]. This is an interesting
possibility as hippocampus-dependent behavior, such as spatial
learning in the Morris water maze task, can modify both the rate of
new neuronal generation [35] and the survival of new neurons
[42,43,44,45]. Furthermore, it has been shown that when new
neurons mature, their dendrites reach the outer molecular layer [46]
and their axons reach the CA3 pyramidal dendrites [47,48]. These
new neurons are functionally integrated into the hippocampal
network [49,50,51] in such a way that they can respond to spatial
exploration [50,51,52,53,54,55].

The Hippocampus and Stress

The hippocampus is a vulnerable structure known to be sensitive to
the levels of glucocorticoids and demonstrating plastic changes in
response to stress. It has been shown that glucocorticoids, of which
corticosterone is the major stress hormone in rodents, while cortisol
is the major stress hormone in humans, play a prominent role in
hippocampal plasticity [3,56,57,58], especially on dendritic plasticity
of the pyramidal neurons in the CA3 region [57,59]. Not surprisingly,
various forms of memory that rely on the functioning of the
hippocampus are also affected by environmental factors such as
stress and associated stress hormones [3,60,61]. For example,
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research has demonstrated that high cortisol/corticosterone levels
can cause impairments in episodic and spatial memory in both
humans and rodents [62].

Stress

Stress can be defined as “a threat, real or implied, to the
psychological or physiological integrity of an individual” [63,64]. The
two major hormones involved in the stress response are
glucocorticoids and catecholamines. These hormones are protective
in the short run, but in chronic stress they can induce damaging
effects and can accelerate disease development [64].

A stress response occurs in the presence of threatening
stimuli and is characterized by activation of the autonomic nervous
system, resulting in the release of catecholamines in the blood
stream, increased arousal and avoidance (fear) behavior. In addition,
a stressor activates the hypothalamic-pituitaty-adrenal (HPA) axis,
which induces the release of glucocorticoids in the blood stream
which further helps the organism to cope with the stressor
[63,65,66]. McEwen [63] proposed the term “allostatic load” to
describe the process of adaptation to stress. This process refers to
the effects on the body that the exposure of chronic, repetitive
stress and/or an inefficient coping with it.

In response to stress the paraventricular nucleus in the
hypothalamus releases corticotropin-releasing hormone (CRH) and
arginine vasopressine (AVP) into the blood of the portal circulation,
which causes the anterior pituitary gland to release
adrenocorticotropic hormone (ACTH). The adrenal cortex then
responds by producing cortisol/corticosterone [67,68]. There are two
kinds of corticosteroid receptors in the hippocampus: the
mineralocorticoid receptor (MR) and the glucocorticoid receptor
(GR). The MR-mediated effect increases cellular responsiveness to
excitatory stimuli, controls the sensitivity of the stress response
system and affects behavioral strategies. The GR activation
suppresses excitability raised by excitatory stimuli, controls feedback
action and promotes information storage (Figure 4)[63,65,69].
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Effects of Stress on the Hippocampus

Acute and chronic stress, which are associated with marked changes
in glucocorticoid levels, have been demonstrated to affect
hippocampal plasticity. For example, several weeks of chronic stress
causes atrophy in the apical dendrites of the pyramidal neurons in
the CA3 region of Ammon’s horn [71,72,73,74,75], as well impaired
adult neurogenesis in the dentate gyrus in adult males
[3,41,76,77,78,79,80,81]. All this can cause an overall reduction in
the size of the hippocampus [82,83]. Even though the primary site of
the stress-induced atrophy is the CA3 region, the damage might be
mediated through the excitatory innervation from the dentate gyrus.
The granule cells of the dentate gyrus are highly dependent on
corticosterone and without corticosterone, atrophy and subsequent
death of these cells will occur [84,85]. Thus, high corticosterone
levels could influence the excitatory innervation from the dentate
gyrus to the CA3 which could hyperactivate and promote damage to
the CA3 pyramidal neurons [72,74].

Besides studies investigating the effects of chronically
increased corticosterone levels as mentioned above, corticosterone
has also been decreased in various studies using bilateral
adrenalectomy (ADX) removing both adrenal glands (which produce
corticosterone) and in which it was found that ADX caused a
selective degeneration of the granule cell layer (GCL) in the dentate
gyrus (DG) [60,86,87,88].

Rats with adrenalectomy showed impairments in their spatial
memory, as shown in the Morris Water Maze, suggesting that the
influence of corticosterone levels in the hippocampus is essential in
this respect [60]. Thus, gluocorticoid levels apparently have an
inverted U-shape relationship with respect to hippocampal plasticity
and spatial memory performance [62,89,90,91] such that elevating
or reducing levels of circulating glucocorticoids impairs learning,
likely through changes in hippocampal plasticity. Research has yet to
fully determine the effects of corticosterone levels and spatial
learning on hippocampal plasticity.

17



Glucocorticoid

Receptors Hippocampus
son [P i_vz\{’i

> MR -
Hypothalamus

Anterior
Pituitary

e - o] Adrenal
Chronic Acute Cortex
Stress Stress
Glucocorticoids
Mobilization Suppression
of Energy of Immunity
Suppression Suppression
of Growth - of Digestion
Suppression
of Reproduction

Figure 4. The hippocampus and the hypothalamic-pituitary-adrenal (HPA) axis, effects on body
processes, and the glucocorticoid (GC) feedback in the mammalian brain. A stressor causes the
hypothalamic paraventricular nucleus (PVN) to release corticotropin releasing hormone (CRH) and
vasopressin (AVP), which causes the anterior pituitary to release adrenocorticotrophin (ACTH). ACTH
initiates the synthesis and release of glucocorticoids (GCs, corticosterone in some rodents, cortisol in
others) from the adrenal cortex. The HPA axis is tightly regulated through feedback (inhibition indicated
by -) on glucocorticoid receptors to inhibit further HPA activity. Cortisol feeds back on hypothalamus
and pituitary to cause a rapid inhibition of CRF release. Glucocorticoid (GR) and mineralocorticoid
receptors (MR) occur in the limbic system (hippocampus and dentate gyrus) and GR occur in the PVN
and anterior pituitary. Adapted from [70].

Aims of the Present Thesis

This thesis aimed to determine the relationship between
corticosterone, hippocampal plasticity and learning and memory.
The general hypothesis was that there is a complex interplay
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between these factors with moderate corticosterone levels
decreasing hippocampal plasticity and further resulting in deficits in
spatial learning and memory. This hypothesis was explored in the
following chapters.

Chapter 2 assessed the role of corticosterone and swim stress on
hippocampal dependent learning and determined how different
levels of corticosterone during learning may affect memory and
related measures of plasticity in the hippocampus, such as
neurogenesis and synaptogenesis. Bromodeoxyuridine (BrdU)
techniques were used to investigate hippocampal neurogenesis in
adult male rats. To assess spatial learning, rats were trained in the
Morris water maze task. Plasma corticosterone levels were
measured using radioimmunoassay techniques and immuno-
histochemistry was used to detect newborn neurons in the dentate
gyrus, while immunofluorescence techniques were used to look for
synaptic plasticity measuring the amount of synaptophysin in the
hippocampal CA3 region.

Chapter 3 investigated the effect of different circulating levels of
corticosterone on dendritic morphology and adult neurogenesis in
the hippocampus. This was done by administering corticosterone via
implants to adrenalectomized adult male rats. The dendritic
morphology in the CA3 region was analyzed using Golgi
impregnation, and the amount of new surviving cells was assessed
with BrdU techniques and immunohistochemistry.

Chapter 4 investigated how learning and memory and
corticosterone levels may affect dendritic morphology in the CA3
region and neurogenesis in the dentate gyrus of the hippocampus.
Similar to Chapter 3, corticosterone was administered via implants to
adult adrenalectomized male rats. The dendritic morphology in the
CA3 region was analyzed with Golgi impregnation, and the number
of new surviving cells was assessed with BrdU techniques and
immunohistochemistry. Rats were trained on a modified version of
the Barnes Maze, which represents a ‘dry ‘cue and spatial learning
task that avoids stress exposure associated with swimming as in the
Morris water maze task.
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Chapter 5 assessed when new adult born neurons in the
hippocampus are functionally active and incorporated to encode a
specific behavioral task. Here, we studied adult male rats exposed to
an exploratory task and used immunohistofluorescence techniques
to investigate neurogenesis (BrdU and NeuN) and co-localization of
activity-regulated  cytoskeleton-associated protein (ARC) to
determine the time when the new born cells are activated.

Finally, in Chapter 6 we provide a summary and conclusions
arising from our findings.
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Abstract

The hippocampus is a highly plastic structure involved in spatial
learning and memory formation. It has been previously
demonstrated that over-training rats in a spatial water maze task
induces synaptogenesis of mossy fibers in the septal region of the
CA3 stratum oriens [1,2] and there is a well-documented link
between hippocampal neurogenesis and learning and memory
performance. The aim of the present study is determine how several
days of training in the Morris Water Maze (MWM) affects new
granular neurons in the dentate gyrus (DG) and synapse formation in
the CA3 stratum oriens. In addition, since there is a controversy
about the effects of Morris Water Maze training in the survival of
new neurons, the present study investigated how much these
structural changes are affected by the swim stress induced by the
training in the Morris Water Maze task. Results demonstrate that
animals habituated to the MWM had significantly fewer NeuN/BrdU-
ir cells when compared to the non-habituated animals and a greater
density of synaptophysin in the stratum lucidum. This work points to
the complex relationship between learning and memory
performance and hippocampal plasticity in the adult brain.
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Introduction

Currently, it is well accepted that neural plasticity in the central
nervous system is a very important mechanism that underlies
memory formation. The storage of long-term memories s
accompanied by several structural changes, such as neurite
outgrowth and remodeling of neuronal varicosities. In addition,
synaptic plasticity and neurogenesis are believed to be important for
long-term memory formation [3,4]. Structural changes in the neural
network, such as changes in the distribution and number of synaptic
contacts as well as the addition and elimination of neural units can
be considered as persistent forms of plasticity [3,5]. All these types
of plasticity had been observed in the hippocampus and have been
associated with behavioral experience [1,2,6].

Structural synaptic plasticity occurs in the hippocampus after
behavioral experience and spatial learning [7,8,9]. For example,
animals living in a complex environment have increased number of
dendritic spines in the CA1 region of the hippocampus [10,11,12,13].
Ramirez-Amaya et al have shown that spatial learning and memory
results in an increase in the number of synaptic boutons in the septal
portion of the CA3 stratum oriens in the hippocampus [1]. In
addition, this increase in synaptic boutons in the CA3 region
positively correlates with long-term spatial memory performance [2].
These results were confirmed by other research groups [7] and now
it is clear that synaptic plasticity occurs in different rat strains [9] and
other species [5,14].

Interestingly, this phenomenon is observed only 4 days after
the last training session in the Morris Water Maze [7] suggesting that
off line reactivation [15] of the cellular mechanisms underlying this
type of plasticity may play an important role in the structural
rearrangement of the hippocampus.

Of particular interest is the possibility that the new synapses
found in CA3 region may arise from new granular neurons in the
dentate gyrus [2], where adult neurogenesis occurs [16,17,18]. This
is an interesting possibility, since it is known that approximately nine
thousand new neurons are added to the hippocampus dentate gyrus
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every day [19,20,21] and hippocampal-dependent behavior, such as
spatial learning in the Morris water maze task, can modify both the
rate of new neuronal generation [22] and the survival of new
neurons [23,24,25,26]. It is important to note that, this is a similar
task to the one used to induce new synapses formation in the CA3
stratum oriens [2].

Furthermore, new neurons in the dentate gyrus project their
axons and dendrites in the expected trajectories to the CA3 region
[18,27,28,29]. More specifically, it has been shown that when new
neurons mature, their dendrites reach the outer molecular layer [28]
and their axons reach the CA3 pyramidal dendrites [27,30]. Also,
these new neurons are functionally integrated into the hippocampal
network [18,31,32] in such a way that they can respond to spatial
exploration as the rest of the granular cells does, but with different
plastic properties [31,32,33,34,35,36].

It is also important to note that stress-related hormones play
a significant role in structural modifications in the hippocampus
[37,38,39,40,41]. It has been demonstrated that the first few days of
water maze training activate the stress response as evidenced by
increasing glucocorticoids in the hypothalamus and the amygdala.
This is also associated with increased concentration of circulating
glucocorticoids [42]. However, stress is known to decrease the
proliferation rate of new neurons in the hippocampus [43,44,45].
This, in turn, may explain the controversial results obtained when
evaluating the effect of water maze training on the proliferation and
survival of new neurons in the hippocampus [26,46]

The aim of the present study is to determine how training in
the Morris Water Maze (MWM) affects new granular neurons at the
dentate gyrus (DG) and synapse formation in the CA3 stratum oriens
and stratum lucidum. Since there is a controversy about the effects
of MWM training on the survival of new neurons, we want to
understand how much these structural changes are affected by the
swim stress induced by the training in the MWM. We expect that the
corticosterone levels, swimming, and training experience will
influence the survival of new born cells in the DG and the amount of
synaptic contacts in CA3 region of the hippocampus.
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Methods

Animals

Twenty-four adult male Wistar rats (3 months old) obtained from the
Neurobiology Institute from the Universidad Nacional Auténoma de
México (INB-UNAM, Querétaro, México) vivarium, were used in the
present study. Animals were divided into four groups as follows: 1)
Trained-habituated, 2) Trained-non-habituated, 3) Swim-habituated,
and 4) Swim non-habituated. Trained animals received normal MWM
training as stated below. Swim controls received the same swimming
exposure as trained animals, but were not trained and therefore
were not exposed to a platform location.

All animals were kept in a reversed 12h dark/light cycle, fed
ad libitum and individually caged. The “bioethics committee” from
the INB approved all the protocols and experimental procedures
perform with the animals in the present study. This was done in
accordance with international ethical guidelines for animal care and
handling (ID:INEU/SA/CB/034).

BrdU administration

In order to investigate the number of surviving new neurons in the
hippocampus, bromodeoxiuridine (BrdU) was administered to each
animal in a total dosage of 200 mg/kg as previously described
[31,36]. BrdU was diluted in a saline basic solution (pH8). Two i.p.
injections were given to each animal daily for 4 consecutive days (25
mg/kg dosage per injection), 15 days before the first training session.
Injections were given between 9 and 10 a.m. and 9 and 10 p.m. daily.
See Figure 1 for a timeline.

Water habituation

The trained and swim habituated groups were exposed to the
environment of the MWM tank, without learning the task one week
previous to the training session. They were allowed to swim in a
water bucket at 22°C for a one minute session for 3 days in a row.
The reason for the use of this pre-habituation was to diminish the
amount of stress found in these animals during water maze training
[42]. The two non-habituated groups were handled and transported
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to the Water Maze room once per day for 3 days but did not have
contact with the water.

Probe test
Iblood

Arrival to the vivarium sampling/sacrifice

Water habituation MWM tralnlng
‘ BrdU /blood sampling

| iiectons | | ]| RERY
[ [
DAY ‘ 19 16 _gl _L |7 RERR

1 3 5

Figure 1. Timeline of experiment. The animals arrived to the vivarium on day -33, They were habituated
and/or handled one week before the MWM training sessions. All animals were injected with BrdU once
daily from day -19 until day -16. They were trained from day 1 till 5 and a memory test trial was
performed on day 12. Blood samples were taken on day 1, 3, 5 and 12 after the training session. They
were sacrificed on day 12.

Morris Water Maze training (MWM)

Animals were trained in the MWM task as previously reported [2],
with a training protocol of 5 days with 10 essays per day. During the
training session each MWM trained animal was introduced in to a
tank (black circular arena, 150cm diameter, 120 cm height) located in
a room with dim light and filled % with water at a temperature of 22
°C £1.5 °C. Once the animals were introduced into the tank there was
a maximum run time of 60 seconds where they were allowed to
reach the platform (10x10cm) or manually led to it if the animal did
not find it on time. The platform was submerged 1cm bellow the
water level. After the animal reached the platform they stood 30 s
on it and they were taken out the water 30 s in a dry cage. Each
release was considered a trial and was started from a different
location each time for a total of 10 essays per day [47]. Animals from
the swimming groups (Swim habituated and swim non-habituated)
were immersed into the tank with no platform, and allowed to swim
the average time registered for the trained group during that day in
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each trial. They were introduced 10 times to the tank and allowed to
rest 30 seconds in a dry cage after each trial. Swimming behavior and
the time to reach the platform, on each trial, were recorded with a
DVD recorder and analyzed with the SMART® system (San Diego CA).

Corticosterone levels

In order to measure the circulating corticosteroid concentration we
obtained blood from all the groups on days 1, 3 and 5 after the
Morris Water Maze training and also during the memory test trial
done 30 minutes before sacrifice on day 7 after the last training
session. The corticosteroid serum concentration was determined by
radio-immunoassay using ICN Biomedicals kit (Aurora, Ohio, USA)
with antiserum at 1:1,000 dilution. Serum samples were diluted 1:
500 in 0.01M phosphate buffer pH 7.5, 0.15M NaCl and 0.1% gelatin
and heated at 98°C for 10 min (non-heated samples give 40% less
concentration). Linear portion of the standard curve: 50-2,000 pg of
corticosterone/ml, interassay variability: 6.9%, intra-assay: 3.4% [42].

Histological procedures

After the last probe trial, all animals were sacrificed by rapid
decapitation. Brains were carefully extracted and the brains were
frozen in 2-methylbutane (Sigma) immersed in a slurry of dry ice and
ethanol. The rat brains were stored at -70°C [31,36].

Immunostaining

Frozen brain hemisections of the left dorsal hippocampus from six to
eight rats were molded in a block with Tissue-Tek (Sakura, EU) in a
plastic container as previously described [31,36]. Each block included
brains from all groups. The blocks were cryosectioned into 20 um
thick coronal sections, mounted on Superfrost Plus slides (VWR)
dried, and stored at -80°C until staining.

In order to maximize the detection of BrdU cells, 10 serial
sections from the dorsal hippocampus (Range between -2.60 to -4.3
from Bregma) from each block were selected for the staining
procedure. We used a double immnunostaining protocol similar to
that described previously to detect NeuN and BrdU. The tissue was
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fixed in 2% paraformaldehyde, pH 7.4, for 8 min at 4°C, washed in
Tris-buffered saline (TBS), pH 7.0 and quenched in TBS with 2 % H,0,
for 20 min. The sections were blocked for 40 min in tyramide signal
amplification (TSA) kit blocking buffer (Perkin Elmer Life Sciences,
Emeryville, CA). The tissue was then incubated sequentially with
biotinylated mouse anti-NeuN antibody (1:2000; Chemicon, Bedford,
MA) and with mouse anti-BrdU monoclonal antibody (1:100+
3%NDS+ 10%Triton-X; Roche Products, USA). For the detection of
BrdU, the tissue was taken through a DNA denaturing procedure,
consisting of an incubation with 50% formamide in 2xSSC buffer
(Sigma) at 65°C for 2 h, washed in 2xSSC for 10 min, incubated in 2 N
HCl at 37°C for 30 min, and washed in 0.1 M boric acid, pH 8.5, for 10
min. Biotinylated anti-NeuN was detected with the avidin-biotin A+B
Vectastain amplification kit (Vector laboratories, Burlingame, CA)
and the cyanine-5 (Cy5) TSA fluorescence system (PerkinElmer).
Mouse IgG from the first detection was blocked using the mouse-on-
mouse blocking kit (Vector Laboratories) before detection of BrdU.
The mouse anti-BrdU antibody was detected with a biotinylated anti-
mouse antibody in which the signal was amplified using an A+B
Vectastain amplification kit, and finally observed using the FITC TSA
fluorescence system (PerkinElmer).

For the synaptophysin detection (1:200 mouse monoclonal
anti-synaptophysin antibody SIGMA) 10 serial sections of the dorsal
hippocampus (Range between -2.60 to -4.3 from Bregma) from each
block were selected. We used the same immunostaining protocol of
the BrdU detection except for the DNA denaturing step. The sections
were mounted with VECTASHIELD® HardSet™ with 4’,6-diamidino-2-
phenylindole (DAPI) (Vector, USA).

Imaging and analysis

Sections were analyzed using an Olympus AX70 Fluorescence
microscope, equipped with a narrow band-pass MNIBA-filter for the
detection of FITC and Cy3. We used a filter with a narrow excitation
band, the U-M41007A filter (both from Chrome Technologies,
Rockingham, Vt, USA). The microscope is equipped with a cooled
charge-coupled device, the Olympus digital video camera F-view.
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Images were stored digitally as 16 bit images by using the computer
program Cell*P (Soft Imaging Systems, Olympus, Germany).

To estimate cell numbers, total BrdU-immunoreactive (-
ir)/NeuN (-ir) cells were counted under a 60x objective with oil on
every 12th section (approx. 9-10 sections per rat) in the dorsal
hippocampus. The BrdU-ir cells were counted in the granular cell
layer (GCL) and were considered BrdU-ir if they were intensely
stained and exhibited medium round or oval cell bodies [48,49].

For the synaptophysin analysis the images were stored
digitally as 16 bit images using the computer program Cell*P (Soft
Imaging Systems, Olympus, Germany) and they were afterwards
processed using ImagelJ for microscopy (NIH) using the same method
previously described by Strackx et al. [50].

Statistical analysis

A repeated measures analysis of variance test (ANOVA) was done on
corticosterone levels with days (day 1, 3, 5 and 12) as within subject
factor and group (trained x swimming) and habituation (habituated x
non-habituated) as the between subjects factors. A repeated
measures ANOVA was done on distance travelled and latency to
reach the platform with training days (day 1-5) as within subjects
factor and group (trained and trained habituated) as the between
subjects factor. ANOVAs were done to determine differences in the
density and proportion of BrdU-ir cells, BrdU/NeuN-ir cells and
synapotophysin with group (trained x swimming) and habituation
(habituated x non-habituated) as the between subjects factors. Post-
hoc comparisons utilized the Fisher LSD test. Significance was set at
p<.05.

Results

Corticosterone levels. There was a significant day by group
interaction effect (F(3, 60)=8.0703, p=.00013; Figure 2) with
swimming-control animals having significantly higher plasma levels
of corticosterone in day 3 compared with trained animals, regardless
of habituation ( .000001 < p < .00001). There was also a significant
main effect of day (F(3, 60)=15.476, p=.00000) and a significant main
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effect of group (F(1, 20)=17.981, p=.00040) with swim controls
having significantly higher corticosterone levels compared to trained
animals, regardless of habituation. There were no other significant
differences between groups.
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Day 1 Day 3 Day 5 Day 12

Figure 2. Mean (+SEM) plasma levels of corticosterone (ng/ml). Swimming-control animals, regardless
of habituation, had significantly higher plasma levels of corticosterone on day 3 of water maze
exposure compared with trained and trained-habituated animals (p<.00395). * denotes swimming
controls significantly different from trained animals.

Training. There were no significant differences between trained
habituated and trained non-habituated animals in ability to learn the
task (.806 < p; Figure 3). There was a significant main effect of day in
latency to reach the platform (F(4, 88)=8.8080, p=.00000) and
distance to reach the platform (F(4, 88)=5.9758, p=.00027),
indicating that all animals learned the task.
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Figure 3. Mean (+SEM) A) latency and B) distance to reach the platform on the Morris water maze. There was
a significant main effect of day in latency to reach the platform (p=.00000) and distance to reach the platform
(p=.00027), indicating that all animals learned the task.

BrdU-ir/NeuN-ir cells in the dentate gyrus. There was a significant
main effect of habituation in the total number of NeuN/BrdU-ir cells
in the GCL of the dorsal hippocampus (F(1, 20)=5.7901, p=.02590
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Figure 4B), with non-habituated animals having significantly more
NeuN/BrdU-ir cells compared to habituated animals, regardless of
training.

There was a tendency for non-habituated animals to have a
greater proportion of NeuN/BrdU-ir cells in the dorsal GCL,
regardless of group (p= .068 Figure 4C). There were no significant
differences between groups in the total amount of BrdU-ir cells in
the GCL of the dorsal hippocampus, regardless of habituation (p >
.15).
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Figure 4. A) Photomicrographs of a BrdU/NeuN immunostaining. BrdU-ir cell (green)/NeuN-ir cells (red)
Scale bar represents 25 um. B) Mean (+SEM) of the total number of NeuN/BrdU-ir cells. There was a
significant main effect of habituation in the total number of NeuN/BrdU-ir cells in the GCL of the dorsal
hippocampus (p=.02590), with non-habituated animals have significantly more NeuN/BrdU-ir cell
compared to habituated animals, regardless of training. C) Mean (+SEM) of the proportion of
NeuN/BrdU-ir cells in the GCL of the dorsal hippocampus. There was a tendency for non-habituated
animals to have a greater proportion of NeuN/BrdU-ir cells in the dorsal GCL, regardless of group (p=
.068).

Synaptophysin particles in the CA3. There was a tendency towards a

significant interaction effect between group and habituation in total
density of synaptophysin particles in the stratum oriens of the CA3
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(F(1, 20)=3.8198, p=.06478; Figure 5B). There was a significant main
effect of habituation on density of synaptophysin particles in the
stratum lucidum (F(1, 20)=4.3307, p=.050; Figure 5C), with
habituated animals having a greater density of synaptophysin
compared to non-habituated animals. There were no other
significant differences.
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Figure 5. A) Photomicrograph of Synaptophysin (red) and 4’,6-diamidino-2-phenylindole (DAPI) (blue).
Scale bar represents 200 um. SO=stratum oriens SP=stratum pyramidale SL=stratum lucidum. Mean
(+SEM) density of synaptophysin particles in the B) stratum oriens and C) stratum lucidum. B) There was
a tendency towards a significant interaction effect between group and habituation in total density of
synaptophysin particles in the stratum oriens of the CA3 (p=.064). C) There was a significant main effect
of habituation on density of synaptophysin particles in the stratum lucidum (p=.05), with habituated
animals having a greater density of synaptophysin compared to non-habituated animals.

Discussion

The present study investigated changes in hippocampal plasiticy in
relation to learning on the Morris Water Maze task. In addition, we
investigated how habituation to the task and swimming alone affect
corticosterone levels and hippocampal plasticity. As expected, all
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trained animals learned the task. We found that swim control
animals had higher levels of corticosterone on training day 3.

Interestingly, habituated animals had significantly fewer
NeuN/BrdU-ir cells in the dentate gyrus when compared to the non-
habituated animals, however the effects were strongest in the
swimming non-habituated animals. We also found that habituated
animals had a significantly greater density of synaptophysin in the
Stratum lucidum.

Corticosterone and MWM

When looking at circulating corticosterone levels, we found that the
water habituation had no effect in the corticosterone levels of both
trained and swim control animals on days 1, 5 and 12. However the
swimming control groups, regardless the habituation, showed high
levels of corticosterone on day 3. This effect maybe due to the
nature of the training task in these animals, as they had no escape
platform, and thus the MWM may have acted as a forced swim test
for these animals and elevated corticosterone levels [51,52,53].
When designing the experiment we looked for a good control for the
MWM trained animals, and as previously reported [42], swimming
controls were adequate, however a better control should be found.

Effects on new neuron survival in the DG

Interestingly, we found that habituated animals had fewer
NeuN/BrdU-ir cells. This is possibly due to additional swim stress
with the habituation prior to MWM training or the timing of the
habituation in relation to the birth of new neurons Even though, we
did not find significant effects of habituation on corticosterone
levels, at least at the time points we investigated.

We decided to take not basal, but learning related
corticosterone levels and, thus, the levels of corticosterone levels
during the habituation may actually differ between habituated and
non-habituated animals [54,55,56]. The trained animals, regardless
the habituation, learned the task, so we can conclude that the
surviving new neurons observed on the habituated animals were
marked outside the time frame where we could see a difference in
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the amount of survival cells due to the learning
[46,57,58,59,60,61,62]. The swimming control non-habituated had
the highest number of new neurons. This group also showed high
levels of corticosterone on day 3 of the training. Looking at these
data together, we can conclude we might not labeled the surviving
cells related to the learning, but rather the ones related to the
habituation period. In previous work found that the time window
where the new cells can be responsive to a behavioral task is limited
and very precise [36]. Thus, habituation itself may have occurred at a
time that altered the survival of new neurons in the dentate gyrus.

Effects on synaptophysin density in the CA3 region

In the present study, we found that habituated animals, regardless of
training, had a significantly greater density of synaptophysin in the
stratum lucidum. Previous work has found that animals trained in the
MWM for at least 5 days showed an increased amount of synaptic
vesicles in the stratum oriens [2,7,9]. Overall we saw a tendency
where trained animals, habituated to the task, had the greatest
density of synaptophysin in both the stratum oriens and the stratum
lucidum. The habituation to the MWM task seemed to have the
greatest effect on the density of the synaptophysin after training,
with habituated animals, regardless of training or swimming, having
a significantly greater density of synaptophysin in the stratum
lucidum.

Relationship between corticosterone, cognition and hippocampal
plasticity

The MWM is a widely used and common spatial learning task to
study morphological and plastic changes in the hippocampus
[1,2,40,46,61,63,64,65,66]. Nevertheless we see in the literature and
with our own results that a number of factors, besides learning may
affect plasticity in the hippocampus. For example, the swimming
control animals are exposed to exercise and this factor alone can
affect hippocampal plasticity. Further work is needed using a task
that reduces the number of variables affecting hippocampal
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plasticity in order to thoroughly investigate how learning affects both
new granule neuron survival and synaptogenesis in the CA3 region.

Conclusions

Findings of the present study show that the MWM is a complicated
task with multiple variables to consider in the study of hippocampal
morphological and plastic changes. The water habituation appeared
to have the greatest effects and reduced the NeuN/BrdU-ir cell
number. This may be due to the effect of altered circulating
corticosterone levels with a consequent reduction in new neuron
survival. The increased amount of synaptophysin in the stratum
lucidum of the habituated animals suggests an increased synaptic
activity on those animals, possibly to compensate for the reduced
levels of new granule neurons. However, further study is required.
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Abstract

Plastic changes in the adult mammal hippocampus can be altered by
many factors and perhaps the most well-documented is stress. Stress
and elevated corticosterone levels have been shown to decrease
hippocampal neurogenesis and decrease the complexity of CA3
pyramidal neurons. However, the extent of these changes in relation
to low and moderately elevated levels of corticosterone has yet to
be fully investigated. Therefore, the aim of the present study was to
determine how low to moderately elevated circulating
corticosterone levels affect dendritic morphology of CA3 pyramidal
cells and hippocampal neurogenesis in adult male rats. To do this,
three groups of adult male Wistar rats were used: 1. Sham-operated,
2. Adrenalectomized (ADX), and 3. ADX + corticosterone
replacement. Primary results show that adrenalectomy, but not
moderately elevated levels of corticosterone replacement, resulted
in significant atrophy of CA3 pyramidal neurons. Interestingly,
moderate corticosterone replacement resulted in significantly more
surviving new cells in the dentate gyrus when compared to sham
controls. This work shows that circulating levels of corticosterone
differentially affect plasticity in the CA3 region and the dentate

gyrus.
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Introduction

Currently, it is well accepted that neural plasticity in the central
nervous system (CNS) is one of the fundamental mechanisms that
underlies memory formation. The most important brain structure in
the encoding, consolidation and retrieval of memories is the
hippocampus [1,2]. Various forms of memory, such as spatial
memory, rely on the functioning of the hippocampus and can be
influenced by various factors like stress and elevated levels of
corticosterone [3,4]. The hippocampus is sensitive to changes in
corticosterone levels in response to stress. This stress effect is
evidenced by changes in neurogenesis[5,6], dendritic morphology,
learning and memory [7,8]. In fact, several weeks of chronic stress,
or repeated injections of high levels of corticosterone, cause atrophy
in the apical dendrites of the pyramidal neurons in the CA3 region of
the Ammon’s horn in male rats [9,10,11] and severe stress can also
cause an overall reduction in the size of the hippocampus
[12,13,14,15,16,17,18]. However, to date, very little is known about
the effects of moderately elevated levels of glucocorticoids on
dendritic morphology in the CA3 region of the hippocampus.

In addition, it has been well documented that corticosterone
plays an important role in hippocampal neurogenesis
[6,19,20,21,22]. For example, acute or chronic stress consistently
results in decreased hippocampal neurogenesis in adult males.
Interestingly, preventing the elevation of corticosterone levels during
aging increases hippocampal neurogenesis in aged rats [23].

Previous work has also shown that adrenalectomy, and thus
very low levels of corticosterone, have a beneficial effect on
hippocampal neurogenesis [24,25,26,27]. Others have also shown
that corticosterone replacement to adrenalectomized animals, that
results in corticosterone levels equivalent to basal levels, reduces the
increased levels of hippocampal cell proliferation seen with
adrenalectomy [27]. However, the role corticosterone replacement
on new cell survival in the hippocampus has yet to be fully
determined.
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Eventhough the most marked effect of corticosterone action
is on CA3 pyramidal cell morphology; these changes in morphology
might be mediated through the excitatory innervation from the
dentate gyrus (DG). The granule cells of the DG are highly dependent
on corticosterone and without corticosterone many of these cells die
[28]. Thus, corticosterone levels may influence the excitatory
innervation from the DG to the CA3 and affect morphology of CA3
pyramidal neurons [12,18,29]. The relationship between circulating
corticosterone levels, neurogenesis in the DG and subsequent CA3
morphology has yet to be assessed.

Although most studies have investigated the effects of stress
and elevated levels of corticosterone on hippocampus plasticity, the
aim of the present study was to investigate how low to moderately
elevated levels of corticosterone affect hippocampus plasticity in
both the DG and the CA3. To do this, adult male Wistar rats were
used. Animals were divided into three groups: 1. Sham-operated
rats, 2. Adrenalectomized (ADX) rats and 3. rats exposed to
ADX+corticosterone replacement. Hippocampal new cell survival was
assessed in the DG using bromodeoxyuridine (BrdU), a marker for
cell synthesis, and CA3 dendritic morphology was assessed using
Golgi impregnation.

Methods

Animals

Seventeen adult male Wistar rats (3 months of age; Harlan, The
Netherlands) were used in the present study. Animals were divided
into three groups consisting as follows: ADX+cort (adrenalectomized
(ADX) receiving a corticosterone (CORT) pellet: n=5), ADX (ADX
receiving a placebo pellet: n=5), and sham (receiving a placebo
pellet: n=7). Adrenalectomy and sham surgeries were performed by
the supplier (Harlan, The Netherlands) in a regular surgical setting,
with aseptic technique, one week prior to shipping. ADX+cort
animals were classified as receiving moderately elevated levels of
corticosterone and ADX animals were classified as receiving low
levels of corticosterone based on previous literature [26].
Corticosterone levels were taken to verify this (see Section 2.4). One
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week after the surgery, animals arrived in our laboratory and were
singly housed in individually ventilated transparent polyurethane
cages with controlled humidity (42%) and temperature (22°C) on
corncob bedding on an inverted light-dark cycle (lights on at 19:00;
lights off at 7:00h).

All animals had ad libitum access to pellet food (Sniff, The
Netherlands) and tap water. ADX animals that were not receiving a
corticosterone pellet had their water substituted with a saline
solution (9g/l NaCl). All experimental procedures were approved by
the research ethics committee of Maastricht University for animal
experiments (DEC 2008-159) and were in accordance with
governmental guidelines.

BrdU administration

BrdU was used to detect new cells as previously described
[30,31,32,33]. BrdU was administered to all animals in a total dosage
of 200 mg/kg diluted in a basic saline solution (pH8). One
intraperitoneal (i.p.) injection of BrdU solution was done daily for 4
days (50 mg/kg/ day, 4 ml/kg) between 8:00 and 10:00a.m.

Pellet implantation

All rats received a subcutaneous pellet implantation of 100mg
release CORT (ADX+cort) or a placebo pellet (sham and ADX)
(Innovative research of America, FL, USA) 15 days after the last BrdU
injection. For pellet implantation, animals were briefly anesthetized
with isofluorane, a small incision was made, and a pellet was placed
subcutaneously in the dorsal region of the rat. The incision was
sutured after pellet implantation. For a timeline, see Figure 1.
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Figure 1. Timeline of experiment. Animals arrived on day zero to our laboratory vivarium. ADX and sham
operated animals were injected with BrdU once daily from day 7 until day 11. Corticosterone pellet
implantations were performed 15 days after the last BrdU injection. Blood samples for corticosterone
measurements were taken five days after pellet implantation and immediately before sacrifice.

Corticosterone levels

Blood samples for corticosterone levels were taken, via tail nicks, at
two time points, i.e. five days after the pellet implantation and
immediately before sacrifice (between 8am and 11 am). Each blood
collection was timed to not exceed 3 minutes as corticosterone
levels are elevated after 3 minutes of handling [34,35,36].
Approximately 300ul of blood were collected in heparanized tubes
(Microvette® CB 300, Sarstedt, Germany). Samples were centrifuged
for 5 minutes at 4000 rpm at 4°C and plasma was collected and
stored at -80°C. Total plasma corticosterone levels were detected by
radioimmunoassay using the Double Antibody *?°I RIA Kit for rat
corticosterone (MP Biomedicals, Orangeburg, NY). All samples were
run in duplicate. The average intra-assay coefficient of variation for
all assays was below 10%. The assay had a sensitivity of 7.7 ng/ml.
Plasma corticosterone levels were averaged across the two
timepoints and used for analysis.

Histological procedures

Four weeks after BrdU injections, and two weeks after
corticosterone pellet implantation, all animals were sacrificed by
rapid decapitation. Brains were carefully extracted and the right
hemispheres of the brains were used for Golgi impregnation. The left
hemispheres of the brains were frozen in 2-methylbutane (Sigma)
immersed in a slurry of dry ice and ethanol. The left hemisphere of
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the brains was stored at -80°C to be wused for BrdU-
immunohistochemistry [33].

Golgi impregnation

The right hemispheres of the brains were processed for Golgi
impregnation using the FD Rapid GolgiStain Kit™ (FD
Neurotechnologies Consulting & Services, Elliot City, MD) adapted
for vibratome [37,38]. Briefly, at decapitation 1cm blocks of brain
tissue were rinsed with distilled water and immersed in
impregnation solution containing potassium dichromate, mercuric
chloride and potassium chromate. Brains were left undisturbed in
the dark for 2.5 weeks. After the 2.5 weeks, brains were immersed in
30% of sucrose at 4°C. Two to four days later coronal sections
(200um) were cut using a vibratome (Leica VT6000) in a bath of 15%
sucrose and the slices stored in the dark at 4°C in 15% sucrose
solution until mounting. Sections were mounted on gelatin-coated
slides and firmly pressed using moist filter paper to prevent the slices
from falling off the slide during development [38]. Slides were placed
in @ humidity chamber in the dark and were stored at 4°C over night.
For development, slides were rinsed with distilled water twice for 2
min and then placed in developing solutions provided in the FD
GolgiStain Kit, dehydrated via graded alcohol series (50%-96%, 4min
each rinse), cleared with xylene for 8 minutes, and coverslipped with
Permount®.

An experimenter blind to conditions analyzed dendritic
morphology in the CA3 region of the hippocampus. Dendritic length
and number of branch points were analyzed as previously described
[9,39,40,41]. For analysis of dendritic morphology, a pyramidal cell
had to meet the following criteria: 1. the cell body and its dendrites
had to be fully impregnated; 2. the cell had to be relatively isolated
from any other cells to obtain a clear image of the entire cell; 3. the
cell had to be located in the CA3 region of the dorsal hippocampus
(Figure 3A). For analysis, a light microscope with a drawing tube was
used to draw the «cells and the Neurolucida program
(MicroBrightField Inc.) was used to analyze, the drawings. The
following variables were measured in both apical and basal regions
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of each cell: the number of branch points and the total dendritic
length. Six CA3 pyramidal cells from each brain were analyzed based
on previous work [9,39]. Pyramidal cells were sampled throughout
the dorsal region of the hippocampus.

BrdU Immunohistochemistry

Frozen brain hemisections of the left dorsal hippocampus from six to
eight rats were molded in a block with Tissue-Tek (Sakura, EU) in a
plastic container as previously described [32,33]. Each block included
brains from all groups. The blocks were cryosectioned into 20 um
thick coronal sections, mounted on Superfrost Plus slides (VWR)
dried, and stored at -80°C until staining.

For immunohistochemistry, the tissue was fixed in 2%
paraformaldehyde, pH 7.4, for 5 min, washed in TBS, pH 7.0, and
guenched in TBS with 2% H202 for 15 min. For the detection of
BrdU, the DNA was denatured with a 50% formamide in 2x SSC
buffer (Sigma) at 65°C for 2 h, washed in 2x SSC for 10 min,
incubated in 2N HCI at 37°C for 30 min, and washed in 0.1 M boric
acid, pH 8.5, for 10 min. After blocking with 3% normal donkey
serum (NDS,Sigma The Netherlands) the slides were incubated with
mouse anti-BrdU monoclonal antibody (1:100+ 3%NDS+ 10%Triton-
X; Roche Products, Welwyn Garden City, UK). The mouse anti-BrdU
antibody was detected after one day of incubation with a donkey
anti-mouse secondary antibody incubated for 4 hours at room
temperature (1:500 + 3% NDS; Vector Laboratories). The brain tissue
was further processed for immunohistochemistry by using the
avidine-biotin complex (ABC Elite kit; 1:1000; Vector laboratories) for
2 hours. To complete the staining, 3,3-diaminobenzidine (DAB;
Sigma, The Netherlands) was used as a substrate to obtain a color.

To estimate cell numbers, total BrdU-immunoreactive (-ir) cells
were counted under a 60x objective with oil on every 12th section
(approx. 9-10 sections per rat). The BrdU-ir cells were counted in the
granular cell layer (GCL) and in the hilus to determine whether
effects are due to generalized effects on blood brain permeability.
Cells were considered BrdU-ir if they were intensely stained and
exhibited medium round or oval cell bodies (Figure 4A [30,42,43]).
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We did not determine whether the new BrdU-labelled cells were
new neurons, as the majority of BrdU-labeled cells after 3 weeks of
age generally are new neurons [43].

Statistical analysis

A one-way analysis of variance test (ANOVA) was done on the
average corticosterone levels with group (Sham, ADX, ADX+cort) as
the between subjects factor. One way ANOVAs were also done to
determine differences in the number of CA3 apical and basal
branching points and dendritic lengths between groups (Sham, ADX,
ADX+cort). A repeated measures ANOVA was calculated for density
of BrdU-ir cells in the dorsal dentate gyrus with region (GCL and
hilus) as the within subjects factor and group (Sham, ADX, ADX+cort)
as the between subjects factor. Correlations were assessed between
corticosterone levels and measures of hippocampal plasticity (CA3
morphology and BrdU-ir cells) using Pearson’s correlation analysis.
Post-hoc comparisons utilized the Fisher LSD test.

Results

Corticosterone levels. As expected there was a significant difference
between groups in average serum corticosterone levels (F(2,14) =
4.97, p = .023; Figure 2), with ADX animals having significantly lower
serum levels of corticosterone compared to sham and ADX+cort
animals (.01 < p < .02). There were no other significant differences
between groups in corticosterone levels.
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Figure 2. Mean (+ SEM) serum levels of corticosterone (ng/ml). There was a significant difference
between groups, with ADX animals having significantly lower serum levels of corticosterone compared
to sham and ADX+cort animals. * denotes significantly different from all other groups. (n=5-7/group).

CA3 dendritic morphology. There were significant differences in the
percentage of change from sham animals in CA3 apical dendritic
length (F(2,15)=3.87, p = 0.044; Figure 3) with ADX animals having
the greatest change in apical dendritic length compared to sham and
ADX+cort animals. There were no other significant differences
between groups regarding basal dendritic length (Figure 3), number
of apical branch points or number of basal branch points (0.40 < p <
0.88; Table 1). There were also no significant correlations between
serum corticosterone levels and measures of CA3 dendritic
morphology (0.13 < p < 0.78).
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Table 1. Mean (+ SEM) percent change from sham controls in apical branch points,
basal branch points and basal dendritic length in the CA3 region of the

hippocampus. There were no significant differences between groups.

% change in number of
apical branch points

% change in number of
basal branch points

% change in

basal length
Sham 07 0+8 09
ADX 15+8 -0£13 -8+9
ADX+cort -8+9 -7+11 5+5

BrdU-ir cells in the dentate gyrus. There was a tendency toward an
interaction effect between region and groups (p = 0.074). There was
also a significant main effect of region (F(1,14)= 42.11, p = 0.0001)
with significantly more BrdU-labeled cells in the GCL compared to
the hilus. However, a priori, we expected there would be a
difference in hippocampal neurogenesis between groups due to
well-known effects of corticosterone on hippocampal neurogenesis
[6,19]. A priori tests revealed that ADX+cort animals had significantly
more BrdU-labeled cells in the GCL compared to sham animals (p =
.014; Figure 4). There were no significant correlations between
serum corticosterone levels and BrdU-ir cells (0.12 < p < 0.14).
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Figure 3. A) Photomicrograph of a hippocampal CA3 pyramidal cell at 10x. The scale bar represents 100
um. B) Mean (+ SEM) percent change in CA3 apical dendritic length. There was a significant difference
in the percentage of change in the CA3 apical dendritic length, with ADX animals having decreased
apical dendritic length compared to sham and ADX+cort animals. * denotes significantly different from
all other groups. (n=5-7/group).
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Figured. A) Photomicrograph of a BrdU-ir cell in the GCL of the hippocampus at 100x. The scale bar
represents 10 um. B) Mean (+ SEM) density of BrdU-ir cells in the GCL of the hippocampus. Sham
animals had significantly fewer BrdU-ir cells in the GCL compared to ADX+cort animals. (n=5-7/group).
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Discussion

In the present study, we found that low corticosterone levels, as
resulting from adrenalectomy, significantly decreased dendritic
complexity in the apical region of CA3 neurons compared to sham
controls and ADX animals receiving moderately elevated
corticosterone replacement. Interestingly, both adrenalectomy and
moderately elevated corticosterone replacement appeared to
increase new cell survival in the DG compared to controls. As
expected basal serum corticosterone levels in the adrenalectomized
rats were significantly lower compared with the controls and ADX
animals receiving moderately elevated corticosterone replacement.

Effects of corticosterone levels on CA3 dendritic morphology.

Previous work has shown that stress and high corticosterone levels
consistently decrease apical dendritic branches and length in the
apical region of CA3 pyramidal neurons in adult male rodents
[9,29,44]. We found that adrenalectomy, and consequently low
levels of corticosterone, also resulted in apical dendritic atrophy in
CA3 region of the hippocampus. Taken together, these findings show
that low and high levels of corticosterone decrease apical dendritic
arborization of CA3 pyramidal neurons compared to replacement
with moderate levels of corticosterone, or naturally circulating levels
of corticosterone in non-stressed animals.

This suggests an inverted U-shape relationship between
corticosterone levels and dendritic complexity of neurons in the CA3
region, with sustained high or low levels of corticosterone resulting
in dendritic atrophy. Clinical research has also shown that
hippocampal atrophy and neuronal loss can occur with prolonged
high levels of stress or high levels of cortisol, as seen in Cushing’s
syndrome and major depression [13,45,46,47].

Adrenalectomy, and low glucocorticoid levels, have also been
linked to decreased memory performance on hippocampus-
dependent tasks in adult rats [4]. Therefore, it is possible that CA3
dendritic atrophy contributes to these deficits in memory function.
The exact role of glucocorticoids and glucocorticoid receptors in
these effects have yet to be fully determined, but it is clear that an
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optimal level of corticosterone is needed to prevent hippocampal
neuronal atrophy from occurring and with it the detrimental effects
in cognition and memory.

Effects of corticosterone replacement on new cell survival in the DG.
In the present study, we found that adrenalectomy, regardless of
subsequent corticosterone replacement, increased new cell survival
in the adult dentate gyrus when compared to sham control animals.
It has been previously shown that both proliferation and survival of
newborn cells in the dentate gyrus are increased after
adrenalectomy [23,24,26,27,48,49,50,51]. This effect of increased
hippocampal cell proliferation can be reversed with corticosterone
treatment [27]. However, weeks after adrenalectomy the increase in
hippocampal cell proliferation is no longer evident [26]. Thus, our
work extends these previous findings by showing that moderately
elevated corticosterone replacement in adrenalectomized animals,
weeks after adrenalectomy, significantly increases new cell survival
in the hippocampus when compared to sham control animals. In
addition, adrenalectomy itself appeared to increase cell survival
compared to sham controls, however this effect did not reach
significance.

Previous work has shown that the initial increase in
hippocampal cell proliferation soon after adrenalectomy likely acts
to compensate for the significant loss of granule cells through
apoptosis [28,49,52]. Apoptosis is a phenomenon strongly related
with hippocampal neurogenesis, as only half of the new cells
produced will survive within 28 days [53,54,55,56]. With
adrenalectomy, increased cell death in the dentate gyrus is evident
up to 10 days following the procedure[28,52,57,58,59]. Therefore
adrenalectomy, itself appears to initially result in enhanced cell birth,
through the lack of adrenal steroids, and the increased degeneration
of cells. However, this increase in cell proliferation and cell death in
the dentate gyrus after adrenalectomy is not long lasting [26,58]. In
the present study, it is likely that cell proliferation and cell death
rates between adrenalectomised animals and sham controls were
similar at the time of the corticosterone treatment. However, we
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show that adrenalectomised animals have increased new cell
survival and that moderately elevated corticosterone treatment after
progenitor devision enhances this new cell survival. Previous
research has shown that low or high levels of corticosterone prior to
progenitor division can decrease the survival rate of new cells
[56,60]. Our work extends these previous findings and demonstrates
that the timing and level of corticosterone differentially alters new
cell survival in the hippocampus.

Regarding the mechanisms underlying the effect of
glucocorticoids on hippocampal neurogenesis, it is important to
mention the differential activation of both the mineralocorticoid
(MR) and glucocorticoid (GR) receptors in the dentate gyrus. The
stimulation of the MR is sufficient to mediate the effects of
corticosterone on neurogenesis, reducing cell proliferation [27] and
protecting mature cells from death [61]. The activation of the MR
has also a long term trophic effect on the dentate gyrus [62]. The
activation of the GR modulates different molecules, such as PSA-
NCAM, that are associated with the maintenance of plasticity,
activity induced plasticity and cognitive functions [61]. The GR also
play a key role in mediating the synaptic connectivity and functional
integration of newborn hippocampal neurons into mature
hippocampal circuits [63]. In the present study it is likely that the
corticosterone replacement after progenitor division further
enhanced new cell survival through activation of both the GR and
MR, but further work is needed in this area [56].

Relationship between corticosterone levels, the CA3 and DG.
In recent studies, it has been shown that there is a strong
relationship between neurogenesis in the DG, the plasticity of CA3
and cognition [64,65,66,67,68,69,70,71,72]. In turn, corticosterone
plays an important role in all three of these factors. Therefore, our
aim was to discover the consequences of the different levels of
corticosterone on new cell survival in the DG and CA3 morphology.
Here we show that corticosterone levels differentially affect
neural morphology of CA3 cells and new cell survival in the DG with
the greatest variation between the CA3 and DG in the sham
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operated and adrenalectomized animals. These animals showed
opposite effects in the CA3 and DG. For example, we found that
sham operated animals had decreased new cell survival, but no
change in cell morphology in the CA3, whereas adrenalectomized
animals had increased new cell survival but decreased -cell
complexity in the CA3. These differences may be related to
differences in cognitive function. For example, in the study of
Lanfield [50] the behavior of adrenalectomized animals was tested
and compared with young and old animals, and they didn’t show
improved cognition. Therefore, it may be that increased number of
new cells surviving in the hippocampus of adrenalectomized animals,
as found in the present study, does not improve memory
performance due to a lack of integration of these cells into the
neuronal network, disrupting their connectivity and physiology. In
addition, it may be that the structure and function of the mature
granule neurons are altered with changes in the glucocorticoid
environment.

Conclusions
Findings of the present study show that low and moderately
elevated corticosterone levels differentially affect plasticity in both
the CA3 and DG. Here we show that adrenalectomized animals have
decreased dendritic complexity in the apical region of CA3, but they
have an increased number of surviving new cells in the DG,
regardless of moderately elevated corticosterone replacement.
Future work should look at the function of CA3 pyramidal
cells and the role of cell death in the hippocampal circuitry in order
to determine the physiological consequences related to our
morphological findings.
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Abstract

Plastic changes in the adult mammal hippocampus can be modulated
by many factors, some of them from the environment.
Hippocampus-dependent learning can increase the number of new-
born cells in the dentate gyrus, as well as the number of synaptic
contacts and dendritic branch length in the hippocampal CA3 and
CA1 regions respectively. However, the literature reports
contradictory results on the relationship between hippocampal
plasticity and hippocampus-dependent learning and this may depend
on many factors, including the stress experienced during the
behavioral task used. Therefore, the aim of the present study was to
determine how corticosterone levels affect spatial learning and
hippocampal plasticity using a modified version of the Barnes maze,
i.e., the Koopmaze. For this purpose, three groups of adult male
Wistar rats were wused: 1. Sham-operated animals, 2.
Adrenalectomized (ADX) rats, and 3. ADX-rats receiving
corticosterone replacement. The results showed that, compared to
controls, adrenalectomized rats, regardless of corticosterone
replacement, have poorer performance on this dry-land maze and
also show dendritic atrophy in the CA3 region of the hippocampus.
No marked effects were seen on new cell survival in the
hippocampus. The activity of the HPA axis and the consequent
variation of corticosterone levels seem to be needed for learning and
its related plasticity.
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Introduction

Persistent types of synaptic plasticity are believed to be important
for long- term memory [1]. Structural changes in the neural network
such as changes in the morphology, distribution and number of
synaptic contacts, as well as the addition and elimination of neural
units, can be considered as persistent forms of synaptic plasticity. All
these types of plasticity have been observed in the hippocampus and
have been associated with memory formation [2,3,4,5].

Exposure to hippocampal-dependent learning task can increase
the number of new-born cells in the dentate gyrus [6,7,8], the
number of synaptic contacts in CA3 region [2,5], as well as dendritic
branch length in the CA1 region of the hippocampus [9,10,11].
However, there are contradictory reports on the relationship
between hippocampus-dependent learning and hippocampal
plasticity, which may be related to various methodological factors,
implicating, for example, effects of physical activity and stress
related to the type of task used. Stress and exercise play an
important role in adult hippocampal neurogenesis [12,13,14,15,16].
For example a decrease in neurogenesis in animals that were trained
on working memory in the Morris Water Maze has been found
[17,18] and this variation may be due to altered corticosterone levels
as a result of swimming.

The hippocampus is a vulnerable structure, sensitive to
circulating levels of gluococorticoids and it is well documented that
stress and corticosterone levels decrease dendritic complexity in the
CA3 region of the hippocampus and decrease hippocampal
neurogenesis in adult male rats [19,20,21,22,23,24,25,26,27,28]. In
addition, high corticosterone levels, related to chronic stress,
decrease spatial learning and memory in adult males [29,30].

The aim of the present study was to determine how
corticosterone levels affect spatial memory and hippocampal
plasticity using a modified version of the Barnes maze, i.e., the
Koopmaze [31]. This maze is a dry-land maze that avoids stress
related to swimming as well as the amount of physical activity
needed to perform the task. Further, we controlled the amount of
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circulating corticosterone by using adrenalectomized (ADX) rats as
well as ADX rats receiving corticosterone replacement.

Methods

Animals

Twenty-seven adult male Wistar rats (3 months of age; Harlan, The
Netherlands) were used in the present study. Animals were divided
into three groups as follows: ADX+cort (adrenalectomized (ADX)
receiving a corticosterone (Cort) pellet: n=8); see below for more
details), ADX (receiving a placebo pellet: n=9), and sham (receiving a
placebo pellet: n=10). ADX and sham surgeries were performed by
the supplier (Harlan, The Netherlands). ADX animals were considered
as having low corticosterone levels [32,33] and ADX+cort animals
were considered to have corticosterone levels [20,34]. Circulating
corticosterone levels were verified in the present study from plasma
as described below.

One week after the surgery, animals arrived in our laboratory
and were singly housed in individually ventilated transparent
polyurethane cages with controlled humidity (42%) and temperature
(22°C) on corncob bedding in a reversed light-dark cycle (lights on at
19:00; lights off at 7:00h). All animals had ad libitum access to food
(Sniff, The Netherlands) and tap water. ADX animals that received a
placebo pellet had their water substituted with a saline solution (9g/I
NaCl). All experimental procedures were approved by the research
ethics committee of Maastricht University for animal experiments
(DEC 2008-159) and were in accordance with governmental
guidelines. All efforts were made to minimize the pain and stress
levels experienced by the animals.

BrdU administration

Bromodeoxyuridine (BrdU) was used as a marker of new cell survival
in the dentate gyrus of the hippocampus as previously described
[35,36]. BrdU was administered to each animal in a total dosage of
200 mg/kg, diluted in a saline solution (pH8). One intraperitoneal
(i.p.) injection of BrdU solution (injection volume 4ml/kg) was done
daily between 10-12 a.m. for 4 consecutive days (50 mg/kg/day).
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Pellet implantation

Rats received either a subcutaneous pellet implantation of 100mg
CORT (ADX+cort) or a placebo pellet (sham, ADX) (Innovative
research of America, FL, USA) 15 days after the last BrdU injection
and 4 days before behavioral training. For a timeline see Figure 1. For
pellet implantation, animals were anesthetized with isoflurane, a
small incision was made, and a pellet was placed subcutaneously in
the dorsal region of the rat, after which the incision was closed with
a suture.
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Figure 1. Timeline of experiment. ADX and sham operated animals arrived on day zero to our laboratory
vivarium. All animals were injected with BrdU once daily from day -24 until day -20. Pellet implantations
were performed 15 days after the last BrdU injection. Five days after pellet implantation blood samples
were taken after the first training day session and after the probe test immediately before sacrifice.

Modified Barnes maze
In order to train the animals on a spatial task, we used a modified
version of the Barnes maze, i.e., the Koopmaze [31,37] Figure 2.The
maze was placed in an illuminated room with various distal spatial
cues such as posters in various shapes on the wall. For training, one
tunnel was chosen as the target tunnel, which led to the animal’s
home cage. All trained animals (ADX+cort, ADX, sham) received three
subsequent acquisition trials per day during eight consecutive days.
Each trial lasted for 3 min with a break of 1 min in-between
trials. The apparatus was cleaned with a damp sponge (70% ethanol)
and dried between trials. For each trial, rats were always started
from a different position facing a randomly chosen hole. If an animal
did not find the target tunnel within 3 min (which occurred rarely), it
was picked up by the experimenter and placed into the target
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tunnel. Once the animal entered the target tunnel, the tunnel was
closed at the side of entrance with an object so the animal could not
re-enter the circular arena. The first four days of training were both
cue and spatial learning in which the home cage was presented at
the end of a fixed target tunnel exit during the training sessions. This
implies that rats can use the odor of its home cage as a cue, but at
the same time they can apply a spatial strategy, since the target
tunnel was always at the same spatial location. The last four days of
training involved pure spatial learning during which the home cage
was only presented after the animal had entered the target tunnel.
Different target tunnels were used for the cue/spatial and pure
spatial version of the task.

Probe trials were given to assess if the animals had learned the
task and which strategy they had used; cue or spatial [38]. A probe
session was done for the cue/spatial task on day 5 before pure
spatial learning started, and for the pure spatial task 7 days after the
last training session (see Figure 1). For a probe trial, animals were
put in the arena for three minutes, and the home cage was not
presented. With the video tracking system, data from each trial was
compiled for velocity, distance, and time spent in the different zones
(including target zone, i.e.,where the exit hole was located).

The amount of time spent in the target zone within the first 30
sec of the probe trials (Day 5 and Day 15) was analyzed and
compared to chance level (30sec/12 arms, i.e.,2.5 seconds). The first
30 sec provides the most reliable measures for a spatial probe trial as
longer durations may involve set-shifting, thereby masking possible
effects of prior hippocampus-dependent learning [39].
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Figure 2. Schematic drawing of the modified Barnes maze. The maze consisted of a circular arena made
of polyvinylchloride (125cm diameter) with 12 equally spaced holes (10cm diameter) in the rim (35cm
high) which gave access to horizontal exit tunnels (20cm long). The floor of the maze was grey (RAL
7035) which allowed for detection of the white Wistar rats using a video tracking system (Ethovision,
Noldus, Wageningen, The Netherlands).

Corticosterone levels

Blood samples for corticosterone levels were taken via tail nicks at
two time points: five days after the pellet implantation, i.e., day 1 of
training and immediately before sacrifice, i.e., day 20 after pellet
placement (between 8am and 11 am). Each blood collection was 20
min after behavioral testing and timed to not exceed 3 minutes as
corticosterone levels are elevated after 3 minutes of handling
[40,41]. Approximately 300ul of blood was collected in heparanized
tubes (Microvette® CB 300, Sarstedt, Germany). Samples were
centrifuged for 5 minutes at 4000 rpm at 4°C and plasma was
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collected and stored at -80°C. Total plasma corticosterone levels
were detected by radioimmunoassay using the Double Antibody **°I
RIA Kit for rat corticosterone (MP Biomedicals, Orangeburg, NY). All
samples were run in duplicate. The average intra-assay coefficient of
variation for all assays was below 10%. The assay had a sensitivity of
7.7 ng/ml. Plasma corticosterone levels were averaged across the
two time points and used for analysis.

Histological procedures

After the last probe trial, all animals were sacrificed by rapid
decapitation. Brains were carefully extracted and the right
hemispheres of the brains were used for Golgi impregnation
(n=5/group). The left hemispheres of the brains were frozen in 2-
methylbutane (Sigma, St.Louis, MO) immersed in a slurry of dry ice
and ethanol and was subsequently stored at -80°C to be used for
BrdU-immunohistochemistry (n=5/group).

Golgi impregnation

Tissue was processed for Golgi impregnation using the FD Rapid
GolgiStain Kit™ (FD Neurotechnologies Consulting & Services, Elliot
City, MD) adapted for vibratome [19,42]. Briefly, after decapitation
lcm blocks of brain tissue were rinsed with distilled water and
immersed in impregnation solution containing potassium
dichromate, mercuric chloride and potassium chromate. Brains were
left undisturbed in the dark for 2.5 weeks. Afterwards, brains were
immersed in 30% of sucrose at 4°C. Two to four days later, coronal
sections (200pm) were cut using a vibratome (Leica VT6000) in a
bath of 15% sucrose and the slices stored in the dark at 4°C in 15%
sucrose solution. Sections were mounted on gelatin coated slides
and firmly pressed using moist filter paper to prevent the slices from
falling off the slide during development [42]. Slides were placed in a
humidity chamber in the dark and were stored at 4°C over night.
Subsequently, slides were rinsed with distilled water twice for 2 min
and then placed in developing solutions provided in the FD
GolgiStain Kit, dehydrated via graded alcohol series (50%-96%, 4min
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each rinse), cleared with xylene for 8 minutes, and coverslipped with
Permount®.

An experimenter blind to conditions analyzed the dendritic
morphology in the CA3 region of the hippocampus. Dendritic length
and number of branch points were analyzed as previously described
[23,43]. For analysis of dendritic morphology, a pyramidal cell had to
meet the following criteria: 1) the cell body and its dendrites were
fully impregnated; 2) the cell was relatively isolated from any other
cells to obtain a clear image of the entire cell; 3) the cell was located
in the CA3 region of the dorsal hippocampus (Figure 3A). A light
microscope with a drawing tube was used to draw the cells and the
Neurolucida program (MicroBrightField Bioscience; Williston, VT)
was used to analyze, the drawings. Accordingly, the number of
branch points and the total dendritic length were measured in both
apical and basal regions of each cell. In total, for each animal, six CA3
pyramidal cells located in the dorsal hippocampus were analyzed.

BrdU Immunohistochemistry

Frozen brain hemisections of the left dorsal hippocampus from six to
eight rats were molded in a block with Tissue-Tek (Sakura, EU) in a
plastic container as previously described [36,44]. Each block included
brains from all groups. The blocks were cryosectioned into 20 um
thick coronal sections, mounted on Superfrost Plus slides (VWR,
Amsterdam, NL) dried, and stored at -80°C until staining.

For immunohistochemistry, the tissue was fixed in 2%
paraformaldehyde, pH 7.4, for 5 min, washed in TBS, pH 7.0, and
guenched in TBS with 2% H,0, for 15 min. For the detection of BrdU,
the DNA was denatured with a 50% formamide in 2x saline-sodium
citrate (SSC) buffer (Sigma, St.Louis, MO) at 65°C for 2 h, washed in
2x SSC for 10 min, incubated in 2N HCI at 37°C for 30 min, and
washed in 0.1 M boric acid, pH 8.5, for 10 min.

After blocking with 3% normal donkey serum (NDS, Sigma,
St.Louis, MO) the slides were incubated with mouse anti-BrdU
monoclonal antibody (1:100+ 3%NDS+ 10%Triton-X; Roche Products,
Welwyn Garden City, UK). The mouse anti-BrdU antibody was
detected after one day of incubation with a donkey anti-mouse
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secondary antibody incubated for 4 hours at room temperature
(1:500 + 3% NDS; Vector Laboratories, Burlingame, CA). The brain
tissue was further processed for immunohistochemistry by using the
avidine-biotin complex (ABC Elite kit; 1:1000; Vector laboratories,
Burlingame, CA) for 2 hours. To complete the staining, 3,3-
diaminobenzidine (DAB; Sigma, St.Louis, MO) was used as a
substrate to obtain a color reaction.

To estimate cell numbers, total BrdU-immunoreactive (-ir) cells
were counted under a 60x objective with oil on every 12th section
(approx. 9-10 sections per rat) in the dorsal hippocampus. The BrdU-
ir cells were counted in the granular cell layer (GCL) and were
considered BrdU-ir if they were intensely stained and exhibited
medium round or oval cell bodies Figure 3B [35,45].

Figure 3. Photomicrographs of A) a Golgi impregnated CA3 pyramidal cell and B) BrdU-ir cells in the GCL
of the hippocampus. The sale bar represents 25 um.

Statistical analysis

A one-way analysis of variance test (ANOVA) was done, as we found
no differences between the two measurements, on the average
corticosterone, levels with group (Sham, ADX, ADX+cort) as the
between subjects factor. One way ANOVAs were also done to
determine differences in the number of CA3 apical and basal
branching points, CA3 dendritic lengths between groups and density
of BrdU-ir cells (Sham, ADX, ADX+cort). A repeated measures ANOVA
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was done on distance travelled with training days (Day 1-8) as within
subject factors and group (Sham, ADX, ADX+cort) as the between
subjects factor. A one-way ANOVA was done to determine
differences in the time spent in the target zone between groups. The
amount of time spent in the target zone within the first 30 sec of the
probe trials at 1 day after cue-spatial learning and 6 days after pure
spatial learning, respectively, was analyzed with a paired t-test
comparing the chance time (2.5 seconds) with the time spent in the
target zone. Post-hoc comparisons utilized the Fisher LSD test.
Pearson correlations were run between measures where
appropriate. Significance was set at p < .05.

Results

Corticosterone levels. There was a significant difference between
groups in plasma corticosterone levels (F(2,12) = 16.67, p < .001;
Figure 4), with ADX animals having significantly lower plasma levels
of corticosterone compared to sham and ADX+cort animals. There
were no other significant differences between groups (LSD post-hoc
tests: 0.63< p <0.08).

700 -

*

Mean (+/-) SEM plasma corticosterone

Sham ADX ADX+cort
Figure 4. Mean (+ SEM) plasma levels ot two averaged corticosterone measurements (ng/ml) after the
first and last test session, respectively. There was a significant difference between groups (p < .001),
with ADX animals having significantly lower plasma levels of corticosterone compared to sham and
ADX+cort animals. * denotes significantly different from all other groups (LSD post-hoc tests).
(n=5/group).
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Training. There were no significant differences between groups in
distance travelled in the maze across training days of both the cue-
spatial and pure spatial learning tasks (0.39 < p < 0.57; Figure 5). Only
sham animals spent in the probe trial on day 5 significantly more
time in the target cue-spatial zone when compared with chance level
(paired t-test: p<0.01). There was a significant difference between
groups in time spent in the target cue-spatial zone during the day 5
probe trial (F (2,24)=30.03, p < 0.03: Figure 6). LSD Post-hoc tests
revealed that sham animals spent significantly more time in the
target cue-spatial zone compared with both the ADX animals during
the day 5 probe trial (p<0.01) and spent more time than the
ADX+cort animals during the day 5 probe trial (p<0.07). There were
no significant differences in time spent in the spatial target zone on
day 15 i.e.,last training session (0.22 < p < 0.63).

A) B)
g 00 g 0
= —e— Sham -~ —e— Sham
B —o— ADX 3 —0— ADX
L 0 —v— ADX+cort | D 0 —v— ADX+cort
4 T
>
g 300 g 0
3 [
g o S o
- g
iz 17}
S 00 50
= —
L 00 E 0
@ (7]
E 100 ?‘ 0
< =
8 ol 8 ol—
= day 1 day 2 day 3 day 4 = day 5 day 6 day 7 day 8

Figure 5. Mean (+ SEM) distance travelled (cm) in the modified Barnes Maze from A) days 1-4, when the
animal performed a cue-spatial training and B) days 5-8 when the animal performed a spatial training.
There were no significant differences between groups in distance travelled across training days (0.39 <
p £0.57). (n=5-8/group).
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Figure 6. Mean (+ SEM) time (sec) spent in the A) cue-spatial target zone in the day 5 probe trial B) cue-
spatial target zone in the day 15 probe trial, and C) spatial target zone in the day 15 probe trial. Sham
animals spent more time in the target zone when compared chance level at day 5 (2.5 seconds; paired
t-test: p<0.02) and also when compared to ADX and ADX+cort animals (LSD post-hoc tests: 0.01< p <
0.07), and also. None of the groups spent above chance level in the target zones at day 15 and there
were no differences between groups on day 15 (LSD post-hoc tests: 0.22 < p < 0.63). * denotes
significantly different from all other groups. (n=8-10/group)
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CA3 dendritic morphology. There was a significant difference
between groups in CA3 apical dendritic length (F(2,12)=5.56, p <
0.02) with post-hoc tests revealing that ADX and ADX+cort animals
had decreased apical dendritic lengths compared to sham animals
(0.01< p < 0.04; Figure 7). There was a tendency for a difference in
number of CA3 apical branch points between groups (p < 0.06).
There were no significant differences between groups regarding
basal dendritic length or number of basal branch points in the CA3
region (0.77< p <0.89). There were also no significant correlations
between plasma corticosterone levels or learning and memory
performance and measures of CA3 dendritic morphology (0.12 < p <
0.80).
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Figure 7. Mean (+ SEM) CA3 A) apical dendritic length, B) number of apical dendritic branch points, C)
basal dendritic length, and D) number of basal branch points. There was a significant difference in the
CA3 apical dendritic length with ADX and ADX+cort animals having decreased apical dendritic length
compared to sham animals (LSD post hoc tests: 0.01 < p < 0.04). There was a tendency toward a
difference in number of CA3 apical branch points between groups (p<0.06). There were no other
significant differences between groups (0.77< p <0.89). * denotes significantly different from all other
groups. (n=5/group).
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Sham Trained ADX Trained ADX-CORT Trained

Figure 8. Representative camera lucida drawings of Golgi impregnated hippocampal CA3 pyramidal cells
of a sham, ADX and ADX+cort animal.

BrdU-ir cells in the dentate gyrus. There were no significant
differences between groups in density of BrdU-ir cells in the GCL at
the dorsal hippocampus (p < 0.90; Table 1). There were no significant
correlations between plasma corticosterone levels or learning and
memory performance, and density of BrdU-ir cells (0.13 < p <0.85).

Table 1. Mean (+ SEM) granular cell layer density of BrdU-ir cells. There were no
significant differences between groups in density of BrdU-ir cells (0.13 < p <0.88).

Density of BrdU-ir cells
Sham 1323.80+197.89
ADX 1515.97+304.45
ADX+cort 1418.45+£366.15

Discussion

In the present study we found that adrenalectomy, regardless of
corticosterone replacement, resulted in impairments in spatial
learning in the modified Barnes/Koopmaze. We saw in the first probe
trial that the sham animals learned the spatial location. The second
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probe trial showed that actually none of the experimental groups
had reversal learning. Further, regardless of corticosterone
replacement in adrenalectomized animals, we observed a decrease
in dendritic complexity in the apical region of CA3 pyramidal
neurons, although only in terms of total length and not in number of
branch points. We did not find an effect of adrenalectomy or
corticosterone replacement on the survival of new cells in the
dentate gyrus.

Corticosterone and the dry maze performance

When looking at circulating corticosterone levels, we found that
overall the levels of corticosterone in the sham group were
significantly higher compared to adrenalectomized rats. Interestingly
sham animals performed better than ADX rats regardless
corticosterone replacement, suggesting that a more profound
increase in corticosterone may be important for the consolidation
and/or retrieval of memory.

Adrenalectomy, and low to moderate glucocorticoid levels,
have previously been linked to decreased memory performance on
hippocampus-dependent tasks in adult rats [33]. For example
Spanswick and colleagues [33] showed that ADX rats have a deficit in
spatial memory performance, regardless the administration of
corticosterone or fluoxetine. They also found an extensive loss of
granule cells in the DG and no differences in cell proliferation in the
DG between groups. Therefore, our work extends these findings as it
demonstrates that ADX has an evident effect on hippocampus-
dependent memory formation and that this deficit is not related to
diminished cell proliferation.

Effects of corticosterone levels and behavioral training on CA3
dendritic morphology.

Interestingly, we found that trained ADX rats, regardless of
corticosterone replacement, had fewer apical branch points and
shorter dendritic lengths on pyramidal cells in the CA3 region of the
hippocampus. Our previous work showed that, in the absence of
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behavioral training, only ADX rats alone had atrophy in the CA3
region of the hippocampus [34]. In line with the current findings, this
demonstrates that training itself is a factor that can modulate
dendritic morphology in the CA3 region of the hippocampus.

As mentioned previously, ADX, and low glucocorticoid levels,
have been linked to decreased memory performance on
hippocampus-dependent tasks in adult rats [33]. Therefore, it is
likely that CA3 dendritic atrophy contributes to the deficit observed
in performance of the adrenalectomized rats on the dry maze and it
is evident that corticosterone is needed to prevent hippocampal
neuronal atrophy and to contribute to learning and memory.

Effects of corticosterone replacement on new cell survival in the DG.
In the present study we found no effects of training or
corticosterone levels on new cell survival in the dentate gyrus of the
hippocampus. It may be that there is a critical time window in which
corticosterone acts to alter new cell survival in the hippocampus
[46]. In addition, it may be that different levels of corticosterone, in
combination with learning and memory performance affect other
aspects of hippocampal neurogenesis such as cell proliferation.

Relationship between corticosterone, cognition and hippocampal
plasticity.

In line with previous work by our group, the present study shows
that adrenalectomy, itself, has a strong influence on dendritic
morphology of the CA3 area as wells as on new-born cells in the DG
[34]. In addition, with these findings, we also saw a detrimental
correlate of these morphological findings on the behavior, with
adrenalectomy resulting in poorer memory performance. One
possible mechanism behind this relationship is changes in long term
potentiation (LTP). LTP is an important link between changes in
synaptic plasticity and learning and memory in the hippocampus
[47,48]. There is also an inverted U-shaped dose-response
relationship between corticosterone levels and hippocampal LTP
such that LTP is impaired by very low and very high corticosterone
levels [48]. Hippocampal LTP is optimal when glucocorticoid levels
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are mildly elevated [48,49]. LTP induces morphological changes in
the dendritic morphology of hippocampal cells [50]. With this
evidence we can propose that the morphological changes we report
in the CA3 dendrites of the adrenalectomized animals may have a
functional consequence i.e.,less plasticity and consequently impaired
learning and memory.

Conclusions

Findings of the present study show that adrenalectomy, regardless of
corticosterone replacement, results in poorer learning and memory
as well as dendritic atrophy of CA3 pyramidal neurons. This work
adds to a growing body of literature indicating a close link between
hippocampal new-born cell survival, morphological plasticity and
cognition. Future work should analyze the possible mechanisms
including the differential activation and effects of glucocorticoid
receptors on neurotrophic factors linking these phenomena. The
functional characterization of the new-born cells in a glucocorticoid
deprived environment should be also further done.
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Abstract

Adult-born neurons in the dentate gyrus (DG) functionally integrate
into the behaviorally relevant hippocampal networks, showing a
specific Arc-expression response to spatial exploration when mature.
However, it is not clear when, during the critical time for survival and
maturation of these neurons, this specific response develops. This
critical time period lasts 4 to 6 weeks. Therefore, we characterized
Arc expression after spatial exploration or cage control conditions, in
adult-born neurons from rats that were injected with BrdU on one
day and were sacrificed 1, 7, 15, 30, and 45 days post BrdU injection
(PBI). Triple immunostaining for NeuN, Arc, and BrdU was analyzed
through the different DG layers. Arc protein in BrdU-positive cells
was observed from day 1 until day 15 PBI, but this expression was
not related to behavioral stimulation. The specific Arc-expression
response to spatial exploration was observed from day 30 and 45 in
about 5% of the BrdU-positive cell population. Most of the BrdU-
positive neurons expressing Arc in response to spatial exploration
(~90%) were located in DG layer 1, and no Arc expression was
observed in cells located in the subgranular zone (SGZ). Using the
current data and that obtained previously, we generate a hypothesis
based on numerical calculations, suggesting that new neurons are
unlikely to respond to exploration by expressing Arc after they are
337 days old. Finally, in a rat about 5 months old the majority (99%)
of the neurons that respond to exploration must have been born
after the DG was fully assembled, which supports our hypothesis
that adult DG neurogenesis plays a major role in spatial information
processing.
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Introduction

New neurons born in the adult mammal dentate gyrus (DG)
functionally integrate into the hippocampal network [1, 2, 3]. The
integration process resembles the one described during early
development [4,5] but is slower [6, 7]. Throughout the first 4 weeks
~ 80% of the new neurons die and the remaining 20% survive for at
least 11 months [8]. Thus, the first 4 weeks after their birth are
critical for the survival of these new neurons and also for their
maturation [9, 10]. For example, in the first week after birth, new
neurons are partially differentiated [11] and express doublecortin
(DCX), which is important for neuronal migration [12], and by the
third week ~90% of the new neurons express NeuN, a marker of
mature neurons [12, 8]. New neurons do not show
electrophysiological features of maturity until the third week [13,
14], their GABAergic response, which is initially depolarizing,
becomes hyperpolarizing around this time, [15, 16] and the
glutamatergic input matures during weeks 3 and 4 [13, 14, 15].
Anatomically, the axon, dendrites, and their spines reach maturity
around weeks 3 to 4 [14, 17, 18].

By detecting the expression of the immediate early gene (IEG)
Arc induced by spatial exploration, we previously examined the
functional integration of 5-month-old, adult-born granular neurons
into the behaviorally relevant hippocampal network [2]. We found
that more adult-born neurons expressed Arc in animals allowed to
explore, than in cage control animals, indicating a specific Arc
expression response in adult born neurons to spatial exploration [2].
Nevertheless, it is not clear when this specific response to behavioral
exploration appears.

By detecting the expression of the IEGs cFos and Arc evoked
during a water-maze task in previously trained animals, Kee and
colleagues [19] observed that 6-week-old new neurons, but not
younger ones, are recruited into circuits that can be re-activated at
10 weeks. They also showed that the expression of cFos after a single
water-maze session occurs only in 6-week- but not 1-week-old new
neurons, similar to previous findings showing cFos expression after
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seizures only in 3-week-old new neurons [19]. Similarly, Tashiro and
colleagues found that new neurons are preferentially recruited into
circuits, that process information from an enriched environment
experience that enhance the amount of new neurons survival, when
this neurons are 2 weeks old [20].

However, the question remains as to when, during this critical
period for survival and maturation, do adult-born neurons integrate
into the behaviorally relevant hippocampal network, developing a
specific response to spatial exploration? The expression of the IEG
Arc and its protein product, stimulated by behaviorally induced
neural activity [24] and important for synaptic plasticity [21, 22], is
detected as early as 24 hours after the birth of adult-born granular
neurons [23]. Therefore, this question can be answered by
comparing Arc protein expression in new granular neurons 30
minutes after spatial exploration or cage control conditions during
their critical time for survival and maturation, without affecting them
by behavioral stimulation.

Animals were administered with BrdU on day 0 and sacrificed
onday 1, 7, 15, 30 or 45, thirty minutes after a 5-minute exploration
session or cage control conditions (Fig. 1). Their brains were
processed for triple immunohistochemistry for NeuN, Arc and BrdU,
semi-confocal and confocal microscopy images were made for
further analysis.

We found that the expression of Arc occurs without
stimulation in 1- to 15-day-old new granular neurons. A specific
response to exploration was observed in ~5% of the 30- to 45-day-
old new-neurons. This pattern of Arc expression in response to
spatial exploration reflects the course of selective survival and
integration in a network that process spatial information. Ninety
percent of the BrdU-positive cells expressing Arc in response to
spatial exploration were located in DG layer 1 (L1), and no Arc
expression was detected in new cells located in the subgranular zone
(SGZ). By using the current data and that obtained previously [2], we
propose a hypothesis based on our calculations suggesting that new
neurons may no longer respond to spatial exploration after they are
337 days old, and that in a 5 months old animal the majority (99%) of
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the neurons that respond to exploration were born after the
hippocampal DG was fully assembled.

Methods

Animals

Thirty-five adult male Wistar rats (4 months of age) were provided by
the bioterium of the Institute of Neurobiology, Mexico. Rats were
individually housed, had access to water and food ad libitum, and
were maintained on an inverted 12:12 hr light-dark cycle, with lights
on at 9: 00 AM. The animals were allowed to habituate to the room
conditions and handled for at least 10 days before experiments
began. The “bioethics committee” from our institute, which is
headed by Dr. Ma Magdalena Giordano Noyola, approved all the
protocols and experimental procedures performed with the animals
in the present study. This was done in accordance with international
ethical guidelines for animal care and handling (ID:INEU/SA/CB/034).

BrdU administration

Given that our goal was to accurately establish the date on which
new neurons were able to respond to the behavioral stimulation, we
compared different bromodeoxyuridine (BrdU) (Sigma, St Louis MO )
administration procedures to maximize the number of neurons born
during a single day. A dose of 200 mg/Kg, divided into four, 50 mg/Kg
injections (diluted in 0.15 M NaCl solution) and administered every 4
hrs gave the highest number of BrdU-positive cells in the
hippocampal dentate gyrus, as compared to other procedures
tested. The first BrdU injection was at 9:30 am and the last was at
9:30 pm on the same day. After the BrdU administration, the animals
remained undisturbed in their home cages until they were sacrificed
after or without a 5 min spatial exploration session (see Fig. 1).
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Figure 1. Schematic representation of the experimental procedures. BrdU was administered on day O
in 4 separate ip injections (50 mg/Kg each) every 4 hrs from 9:00 A.M to 9:00 P.M. Animals were
sacrificed 1, 7, 15, 30, or 45 days post BrdU injections (PBI), either from their home cages (cage control,

CC) or 30 min after a 5-min spatial exploration (SE).

Spatial exploration

In order to examine the response of new neurons to spatial
exploration at different maturation times, 1, 7, 15, 30 or 45 days post
BrdU injections (PBI), the animals were exposed to a 5-min
exploration session (n = 5, 4, 4, 4, and 3 respectively) and were
sacrificed 30 min later (Fig. 1). The exploration environment was an
open square box, 70 X 70 cm, with 20-cm-high walls made of
translucent acrylic. All the walls were covered with orange foamy
paper, and the floor was partitioned into nine grids using black
foamy paper strips. Each rat was fully covered with a white towel,
then individually transported to the behavioral room, and placed in
the center of one of the grids in the apparatus, and it was moved to
the center of a different grid every 15 s. This ensures that each of the
grids was visited two or three times during the 5-min exploration
session [24]. Immediately after exploration, the animal was placed
back in its home cage and kept undisturbed. Cage control animals for
each PBI group (n=3), remained in their home cages undisturbed
during the behavioral session and were sacrificed the same day and
time as their respective exploration group, without being exposed to
exploration.

Brain extraction

Thirty min after the exploration session, each animal was killed by
quick decapitation. The rat’s brain was quickly and carefully
extracted and frozen in 2-methylbutane (Sigma) by immersing it in a
dry ice/ethanol slurry. The rat brains were stored at -70°C.

Blocking and sectioning
Using a stainless still matrix (Electron Microscopy Sciences, Hatfield,

PA), brain hemisections including the whole hippocampi were
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obtained. From 8 to 10 brain sections were molded into a block with
Tissue-Tec OCT compound® (Sakura Finetek, Torrance, CA), such that
each block contained brains from all groups and the position of each
group differed in each block. The blocks (4 total) were cryosectioned
into 20-um-thick coronal sections at -18°C in a CM1850 Leica
cryostat (Nussloch, Germany), captured on slides (Lauka, MEX)
previously treated with diethyl-polycarbonate (Sigma) solution and
kept in a sealed box at — 70 °C before the immunostaining
procedure.

Immunostaining

In order to maximize the detection of BrdU cells expressing Arc, 30
to 40 serial sections from the dorsal hippocampus (range between -
2.60 to -4.3 from bregma) from each block were selected for the
staining procedure. We used a triple immnunostaining protocol
similar to that described previously to detect NeuN, Arc and BrdU
[2]. The tissue was fixed in 2% paraformaldehyde, pH 7.4, for 8 min
at 4°C, washed in Tris-buffered saline (TBS), pH 7.0 and quenched in
TBS with 2 % H,0, for 20 min. The sections were blocked for 40 min
in tyramide signal amplification (TSA) kit blocking buffer (Perkin
Elmer Life Sciences, Emeryville, CA). The tissue was then incubated
sequentially with biotinylated mouse anti-NeuN antibody (1:2000;
Chemicon, Bedford, MA), with polyclonal rabbit anti-Arc antibody for
the second detection (1:500; a kind gift from Paul F. Worley’s
laboratory), and for the third detection with mouse anti-BrdU
monoclonal antibody (1:500 BD biosciences México DF, México).
After detecting NeuN and before Arc antibody incubation, the tissue
was permeabilized with acetone/methanol (50:50, v/v; Sigma) at 4°C
for 15 minutes. For the detection of BrdU, the tissue was taken
through a DNA denaturing procedure, consisting of an incubation
with 50% formamide in 2xSSC buffer (Sigma) at 65°C for 2 h, washed
in 2xSSC for 10 min, incubated in 2 N HCl at 37°C for 30 min, and
washed in 0.1 M boric acid, pH 8.5, for 10 min. Biotinylated anti-
NeuN was detected with the avidin-biotin A+B Vectastain
amplification kit (Vector laboratories, Burlingame, CA) and the
cyanine-5 (Cy5) TSA fluorescence system (PerkinElmer); before Arc
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detection, the A/B blocking kit (Vector laboratories) was used to
block the remaining A+B, and the rabbit anti-Arc was detected with
biotinylated anti-rabbit antibody (Vector Laboratories), amplified
with the A+B Vectastain amplification kit (Vector Laboratories), and
finally visualized with the Cy3 TSA fluorescence system
(PerkinElmer). Mouse IgG from the first detection was blocked using
the mouse-on-mouse blocking kit (Vector Laboratories) before
detection of BrdU. The mouse anti-BrdU antibody was detected with
a biotinylated anti-mouse antibody in which the signal was amplified
using an A+B Vectastain amplification kit, and finally observed using
the FITC TSA fluorescence system (PerkinElmer).

In order to determine the neuronal lineage of BrdU cells
detected early in their maturation, a double staining for doublecortin
(DCX) and BrdU was done. In this case, BrdU detection as described
above was carried out first, and DCX was detected afterwards using a
goat 1:200 anti-DCX antibody (Santa Cruz®) then amplified with A+B
Vectastain amplification kit and revealed with Cy3. We also
performed a double immunohistochemistry for Arc and DCX
combining the methods described above. No staining was observed
in the absence of the primary or secondary antibodies, for all
antigens.

Imaging and Analysis

MosaiX module for the APOTOME system (Carl Zeiss, México, DF.
México) with the 25X/0.80NA LCI Plan-Apochromat oil immersion
objective, was used to obtain whole dentate gyrus (DG) mosaic
image stacks (with 1.5-um optical Z sections). About 8 to 12
individual image stacks were collected and assembled by the MosaiX
system (Carl Zeiss) for each DG. About twenty-three whole DG
mosaics, taken from the serial stained sections, were imaged for
each animal, corresponding to a dorsoventral length of ~460 mm
from the dorsal hippocampus. It is to be noted that only those
sections that were optimally stained were included in the analysis.
The most anterior section was ~6.0 mm and the most posterior was
~4.7mm from the interaural plane [25].
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Using the Metamorph imaging software, a 2D image was
constructed using the middle plane image from each DG MosaiX
stack. This was used as the reference image, in which the DG
granular layer was partitioned into 4 layers [8] (Fig. 1C), one
representing the subgranular zone (SGZ) and the other 3, the inner
(L1), middle (L2), and outer (L3) part of the DG granular layer. It is
important to note that the DG granular layer thickness varies across
the length of the blade; for this reason, the proportion was adjusted
throughout the whole length of the DG granular layer, assuring that
the inner, middle, and outer DG granular layers always represented
33% of the whole layer thickness in order to analyze the position of
the new granular neurons along the DG granular layer. Meanwhile,
the MosaiX stack was used to identify the NeuN-positive cells (image
in blue), the cells that incorporated BrdU (image in green), and those
expressing Arc (image in red). The BrdU-positive cells co-localized
with NeuN, particularly in the animals sacrificed 15 or more days
after BrdU administration; in animals sacrificed earlier, BrdU co-
localized primarily with DCX (Fig. 2 A and B).

We found very few BrdU-positive cells that did not co-localize
with DCX in days 1 to 15, and most of them co-localized with NeuN
from day 30 onwards. These expression time points are similar to
what has been reported before [12], in which the DCX or NeuN cells
represented ~90% of the total BrdU-positive population. Moreover
we found that in animals sacrificed at early time points (1-15 days
PBI) throughout the maturation of the new neurons, Arc expression
was found in DCX cells (Fig. 4). For this reason, we included all BrdU-
positive cells in the study, and the NeuN staining was used to
delineate the DG granular layer. The Arc-positive cells were
considered to be the activated neurons. Each cell was classified as
BrdU positive, Arc positive or both and its classification was marked
in the reference image, according to its position in the granular layer.
It is important to clarify that the image stack was used to properly
classify each cell as Arc positive or BrdU positive: additionally, when
a cell was classified as both BrdU positive and Arc positive, a 40X
confocal image stack was projected as a 3D image to confirm this
classification (see Fig. 3 D to H). After classification, the DG granular
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layer volume was calculated in the reference image, using the size of
the Z section and the area of the DG granular layer. With the volume
of the DG granular layer, the total number of granular cells was
estimated for each animal, as described before [24,26]. We
estimated that about ~80,000 granular neurons per animal were
included in the analysis. Using the total number of granular cells per
animal, the proportions of BrdU-positive cells, Arc-expressing cells,
and BrdU- positive Arc expressing cells were calculated.

Statistics

One-way ANOVA with Bonferroni as a Post-hoc, MANOVA or a t-test
was used where appropriate to compare the proportion of BrdU-
positive, Arc-expressing, and BrdU-positive Arc-expressing cells in
the different conditions and throughout the DG granular layer.

Results

New neuronal survival and migration

Notably, the proportion of BrdU-positive cells in the DG upper blade
significantly varied across the different maturation times (Fs30 =
29.771, P < 0.001) (Fig. 2C). One day post BrdU injection (PBI) the
proportion of DG cells that incorporated BrdU from the whole
granular cell population included in the study was 0.26%, and seven
days PBI, the proportion of BrdU-positive cells (0.35%) was
significantly higher (Bonferroni yield a p<0.01). At 15 days PBI, the
proportion of new granular cells was 0.23%, which was significantly
lower than on day 7 (p<0.01) but not statistically different from day
1. Thirty days PBI, the proportion of BrdU-positive cells was only
0.17% and was significantly lower than the proportion of cells found
on days 1, 7, and 15 PBI (p’s<0.01). Finally, 45 days PBI, the
proportion of BrdU-positive cells was only 0.15%, which was
significantly lower than day 1, 7, and 15 (p’s<0.01) but was not
different from day 30. The analysis of the absolute BrdU-positive cell
counts revealed a similar pattern throughout time (data not shown).
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Figure 2. Survival and migration of adult-born granular cells. Confocal images, taken with a 256
objective, of the DG stained with DCX in red, BrdU in green, and counterstained with DAPI in blue. A)
shows BrdU-positive cells co-localizing (yellow) with DCX from an animal sacrificed 7 days PBI; B) shows
BrdU-positive cells from an animal sacrificed 45 days PBI that do not co-localize with DCX. C) Average
proportion of BrdU-positive cells from the total granular cell population found in each (1, 7, 15, 30, and
45 days) PBI group. *P,0.01 as compared to day 1 PBI group, { P,0.01 between indicated groups. Note
the significant decrease in the proportion of BrdU-positive cells found with time after new neurons
were born. D) Absolute BrdU-positive cell counts found in each PBI group (1, 7, 15, 30 and 45 days);
note that the results are very similar to the proportions shown in C. E) Percentage of BrdU-positive cells
from the total BrdU-positive cell population found in each DG layer: the subgranular zone (SGZ), DG
layer 1 (L1), DG layer 2 (L2), and DG layer 3 (L3), for the different PBI times. The different proportions of
BrdU-positive cells found in the various layers with increasing time suggest that new cells migrate
through the DG layers.

In the animals sacrificed on day 1 PBI, (Fig. 2D) 60% of the
BrdU-positive cells were located in the sub granular zone (SGZ), 32%
in DG layer 1 (L1), 7 % in layer 2 (L2) and only the remaining 1% were
found in layer 3 (L3) (For DG layers distinction see Fig. 7B). On day 7
PBI, 32% of the BrdU-positive cells were located in the SGZ, 54% in
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L1, 11% in L2, and 3% in L3. On day 15 PBI, 16% of the BrdU-positive
cells were located in the SGZ, 58% in L1, 19% in L2, and 6% in L3. At
30 days PBI, 13% of the BrdU-positive cells were located in the SGZ,
54% in L1, 24% in L2, and 10% in L3. Finally, at 45 days PBI, 12% of
the BrdU-positive cells were located in the SGZ, 51% in L1, 23% in L2,
and 13% in L3.

The proportion of cells found in each DG layer was compared
among the different PBI groups using one-way ANOVA. The
proportion of cells in the SGZ differed statistically among groups
(Fa30 = 176.086, P < 0.001), where the proportion of BrdU-positive
cells found in animals sacrificed on day 1 PBI was significantly
different (using the Bonferroni correction as a post hoc) from all
other groups (p<0.01). For L1, the proportion of BrdU-positive
neurons differed significantly among groups (Fs30 = 47.687, P <
0.001), and the post hoc analysis showed differences between
animals sacrificed at day 1 PBI and the rest of the groups (p<0.01).
Differences were also found between animals sacrificed at day 15
and day 45 PBI (P<0.01). In L2, significant differences were found in
the proportion of BrdU-positive cells among groups (F4 30 = 40.070, P
< 0.001), and the post hoc analysis revealed differences between
animals sacrificed at day 1 PBI and the animals sacrificed 15, 30, and
45 days PBI (p < 0.01); differences were also found between animals
sacrificed at day 7 PBI and those sacrificed at days 15, 30, and 45 PBI
(p < 0.01); finally in L2, significant differences were found between
animals sacrificed on day 15 and those sacrificed on day 30 PBI (p <
0.01). In L3, significant differences were found among groups (Fs 30 =
35.403, P < 0.001), and the post hoc analysis revealed that most of
the PBI groups differed from each other (p < 0.01), except those
sacrificed on day 1 as compared to those sacrificed on day 7 PBIl and
animals sacrificed on day 7 compared to those sacrificed on day 15
PBI.

The differences in the proportion of cells located in the
different regions between the animals sacrificed at different PBI
times indicate that the newly incorporated cells migrate through the
different DG layers.
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Sparse Arc expression in DG granular cells after spatial exploration

After spatial exploration, the expression of the immediate early gene
Arc was observed in ~1.5% of the granular cell population, while in
the cage control animals only ~0.3% granular cells were classified as
Arc positive. The proportion of cells expressing Arc between cage
control and exploration treated animals was significantly different
(F1,33 = 12.042, P < 0.001), demonstrating that a small population of
granular neurons in the DG expressed Arc in response to a novel
spatial exploration in an open box (Fig. 3A), as previously reported
[24, 26, 27] , and suggesting a sparse DG code for spatial
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Figure 3. Arc expression after spatial exploration A) Percentage of the whole granular cell population
that expresses Arc after spatial exploration. Note that Arc expression is observed in a higher proportion
of cells in the exploration group (solid bar) than in cage controls (pattern bar). *P,0.001. B) Percentage
of BrdU-positive cells that expressed Arc in each PBI group, i.e., sacrificed either directly from its home
cage (CC, pattern bar) or after spatial exploration (SE, solid bar). Arc expression in BrdU-positive cells
occurs with no behavioral stimulation from day 1 until day 15 PBI, but on days 30 and 45 PBI, Arc
expression was observed in significantly more BrdU-positive neurons from exploration animals than
from cage controls. *P,0.01. C) Percentage of BrdU-positive cells expressing Arc in each DG layer, either
after cage control conditions (patterned bar) or spatial exploration (solid bar). The yellow horizontal
bars represent the proportion of the total BrdU-positive cells found in each layer on days 30 and 45.
Note that no Arc expression was found in BrdU-positive neurons in the SGZ. In L1, the IEG Arc was
expressed in a larger proportion of new neurons from exploration animals than from the cage controls,
*P,0.01, indicating that BrdU-positive neurons located in L1 are more likely to respond to exploration.
The opposite was observed in L2, i.e.,the proportion of BrdU-positive cells in L2 that expressed Arc was
much lower in SE than in CC animals. D to H) 406confocal images taken from the middle plane of a
confocal microscope image stack were used to verify the co-localization of Arc and BrdU. D) NeuN in
blue, E) Arc protein in red, F) BrdU in green, G) NeuN, Arc, and BrdU merge; note that BrdU-positive
neurons expressing Arc appear yellow. H) Flat image obtained from a 3D boxels reconstruction. The

rotation of the 3D projection was used to confirm BrdU and Arc co-localization. The scale bar in G is 100
um.
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Specific Arc expression response to spatial exploration develops in
new neurons over a 30-day period.

By using double staining, we observed that in animals sacrificed at
early PBI times (1-15 days), BrdU is found mostly in DCX-positive cells
and in late PBI time (30-45 days) primarily in NeuN positive neurons
(Fig. 3D-H). We also observed that Arc can be expressed in DCX
positive cells at early times (Fig. 4). For these reasons we included all
BrdU-positive cells found in the different DG layers in further
analysis.

Arc expression in BrdU-positive population differed across the
different treatment groups (Fig. 3B). A 2-way-ANOVA showed
significant differences between days PBI (Fs25 = 3.79=, P < 0.02);
between exploration and cage control conditions (F425= 13.603, P <
0.01) and among days and the behavioural treatment (F42s= 5.437 p
< 0.0027). On day 1 PBI, Arc expression was observed in 1.3% of the
BrdU-positive cells found in cage control animals (CC) and in 1.01%
of the BrdU-positive cells found in animals exposed to spatial
exploration (SE); these values were not significantly different. Arc
was expressed in 2.1% of the 7-day-old new neurons from CC
animals and in a similar percentage (1.56%) of the corresponding
new neurons from SE animals. Moreover, the proportion of 7-day-
old, BrdU-positive cells expressing Arc did not differ from the
proportion of new cells expressing Arc on day 1 PBI from either the
SE or CC group. Fifteen days PBI, Arc was expressed in a similar
proportion of new cells from CC animals (~2.3%) and from the SE
group (2.9%). Although Arc expression in BrdU-positive cells tended
to increase from day 1 to day 15 PBI, this increase was not
statistically significant. Importantly, these results suggest that Arc
expression at this early time after these new neurons were born may
not be driven by spatial behavior stimulation. In contrast, when new
neurons were 30 days old, the proportion of BrdU+/Arc+ cells was
significantly greater (p<0.01) in SE (~5%) than in CC animals (~1.5%).
The proportion of BrdU+/Arc+ cells at 45 days PBI also differed
significantly (p<0.001) between SE (4.8%) and CC animals (0.7%).

A repeated measures ANOVA was done on the percentage of
cells expressing Arc at the different PBI times and revealed
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significant changes with time (F;5s = 26.839, P < 0.01), differences
between SE and CC groups (Fs4 = 3.385, P < 0.05), and also a
significant interaction (F46 = 5.887, P < 0.01), indicating that a
specific Arc expression response to spatial exploration developed
between 30 and 45 days after new neurons were born.

It is important to note that the proportion of BrdU+/Arc+ cells
in response to exploration at 45 days PBI was significantly greater
than the percentage of total granular cells expressing Arc in response
to exploration (T ¢ = 7.995 p<0.001).

Figure 4. Arc Expression in DCX-positive cells. The images show double immunohistochemistry for Arc
and DCX, and were taken with the Apotome microscope system (Zeiss) with a 40x/1.3 NA objective
using Z section resolution. A) DAPI is shown in blue, B) Arc protein is shown in green, C)DCX is shown in
red, and D) the 3 channels were merged. Scale bar= 100um.

Exploration induced Arc expression in BrdU-positive cells is
observed mainly in DG L1

The position of the BrdU-positive cells expressing Arc within the
different dentate gyrus granular layers [8] was identified and for
each layer we calculated the proportion of BrdU-positive cells
expressing Arc relative to the total population of BrdU-positive cells
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that express Arc. These proportions were compared between CC and
SE groups (Fig. 3 C) at all the 5 time points when the animals were
sacrificed. Significant differences were found between CC and SE
animals in L1 (Fy33 = 8.754, P < 0.01), where 89.3% of the BrdU-
positive cells expressing Arc from the SE group but only 63.78% from
the CC group were located. In L2, the proportion of Arc-expressing
cells also differed significantly between CC and SE animals (Fy33 =
14.509, P < 0.001): 29.56% of the BrdU-positive cells from the CC
group expressing Arc were located in L2 as compared to 1.67% from
the exploration animals. In L3, no significant differences were found
between groups. The MANOVA analysis revealed significant
differences between the various layers in the proportion of BrdU-
positive cells expressing Arc (Wilks lambda F,3; = 7.183, P < 0.01),
and it is clear that L1 region had the highest Arc expression in BrdU-
positive cells. Importantly BrdU-positive cells expressing Arc were
not found in the SGZ. Using a Student’s t-test we compared the
proportion of BrdU+/Arc+ cells with the proportion of BrdU-positive
cells among the different DG layers. Since the specific Arc expression
response to exploration develops after 30 days, in this analysis we
included only the animals sacrificed 30 and 45 days after the BrdU
injection. The proportion of BrdU+/Arc+ cells was significantly higher
than the proportion of BrdU-positive cells in L1 only for SE animals
but not CC animals (p<0.01). In contrast, in layer 2 of SE but no CC
animals, the proportion of BrdU+/Arc+ cells was significantly lower
(p<0.01) than the proportion of all BrdU-positive cells. No differences
were found in layer 3.

A hypothesis suggesting that adult-born neurons modify their
contribution to spatial information processing throughout their life
and the animal’s life-span.

Here, we found that the proportion of new granular cells that
responded to exploration 30 days after these neurons were born was
5% and at day 45 PBI it was 4.8%. Previously, we reported that ~
2.8% of the 5-month-old, newly incorporated neurons responded to
exploration [2]. This suggests that the likelihood of a new neuron to
respond to behavioral exploration decreases with time [27]. In this
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study we included ~80,000 upper blade DG granular cells per animal,
obtained from 450 um in the antero-posterior axis. The whole
sample region measured 1300 um and we calculated that it
contained 230,000 DG granular neurons. From this population of
neurons, 1.5% (3465) responded to spatial exploration, a result
similar to what has been reported previously [24, 26, 27].

We hypothesize that the probability of the adult born
granular neurons to respond to spatial exploration changes linearly
with time:

P(t)=Py+rt

where Pq indicates the percentage of neurons that respond when
they are 30 days old. We used a linear regression to estimate the
parameters of our model (Pp=0.054, r = -0.0002, R? = 0.9989,
p=0.0208) and the result is shown in Figure 5A, were the red circles
represent our current data, and the yellow circle represents our
earlier result [2]. The line represents the model, with which we
calculate the probability that granular cells will respond to spatial
exploration after they are more than 150 days old. Obtaining the
intercept of the line to reach a probability of 0 by the following
formula:

Py 0.054

= = T 00002

This suggests that 301 days after the new neurons where
born, they no longer respond to spatial exploration. We also used
the individual data from each animal to calculate this linear
regression and obtained a significant regression
(Po =.0505, r = -0.0002, R?> = 0.5101, p=0.0135), validating the
conclusion obtained with the average proportions. We acknowledge
that a linear model with only 3 data points presents clear limitations,
and further research is needed to add more data points between 45
and 360 days. This will allow us to determine if a linear model is
adequate and will test the prediction that cells no longer respond to
exploration after they are ~1 year old.
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Figure 5. Contribution of adult-born neurons to spatial information processing: a hypothesis
suggested by integrating our current data with that obtained previously. A) Linear regression plot
calculated using the percentage of BrdU-positive cells that specifically respond to spatial exploration by
expressing Arc from animals sacrificed on days 30 and 45 PBI (red dots), and those sacrificed 150 days
PBI (yellow dot) [2]. Using this model we calculated the maximum length of time throughout the life
span of the animal during which adult-born neurons respond to spatial exploration (time in days means
age of animals in X axis for all graphs). The result suggests that after 301 (271+30) days, the neurons
born in the adult brain may no longer respond to spatial exploration. B) The data obtained from Kuhn
[29] was scaled to fit our BrdU-positive cell proportions, and a power model was used to calculate the
number of neurons that survived at the different times through the animal’s life. C) Cumulative number
of new neurons that survived after 30 days including all the neurons born since 70 days post natal,
when the animal is already mature. D) Total number of neurons born after DG development that
contributes to the DG spatial exploration response over the course of the animal’s life span. The red
line shows the time (day 217) when the maximum number of newly incorporated neurons participates
in the DG network response to spatial information processing. At this time, 2057 new neurons respond
to spatial exploration, which represents 60% of the total DG granular cell population that responds to
spatial exploration. The super-imposed graph (shown in light colors) represents the same calculation
including the number of neurons born since postnatal day 1 that survive for 30 days. Notice in
particular that the contribution to spatial information processing of neurons born after the DG
development is complete increases through the early age of the animals, and after reaching its
maximum, it rapidly decreases to a plateau reached in late adulthood.

The number of new granular neurons found 45 days after
birth in the sampled regions was 345. Adult-born neurons that
survived for 4 weeks remained stable for at least 11 months [8];
therefore we can assume that the number of newly incorporated
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neurons detected at days 30-45 PBI represents the number of cells
born on 1 day that will survive for the rest of the animal’s life.
However, the rate of cell proliferation varies across the animal’s life-
span [28], and this modifies the number of stable new neurons
throughout the lifetime.

Animal’s ageindays =t 180 360 810
# of Neurons in the sampled region 58 18 10

By using the data obtained previously [28] we proposed a power
model.

5

N@©=No(55)

Since the DG is fully assembled after the first post-natal weeks [29],
sexual maturity is reach after 6 weeks [30], and the neurons that
survive for 4 weeks remain, we performed further calculations using
the number of granular cells that were born and survived since post-
natal day 70. Ng is then the number of new granular neurons that
survive for 30 days. In order to estimate the parameters of our
model, we calculate a linear regression. We choose ‘s’ such as the
equation predicts the number of BrdU-positive cells that we detect
after 45 days in the current work (Figure 2C&D). (N(150) = 345). The
result Ng= 2218.2, is shown in the Figure 5B, where the red dots are
the data and the solid line is the model. From these data we
calculate the cumulative number of neurons that were born after the
animal was sexually mature and that survived throughout the
animal’s life span, assuming that there is no mortality after 30 days

of maturation [8]).
i

J N(7)d

0

The cumulative number of adult-born granular neurons over
the course of the animal’s life-span is shown in Figure 5C. In order to
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estimate the number of adult-born granular neurons that contribute
to the DG response to spatial exploration throughout the animal’s
life span, we considered the number of neurons that are added
through time (N(t)) and the probability that they will respond at
different time intervals (P(t)) after they were added. In order to
combine these measurements we used a convolution of the
variables N and P.

=S

RO = [ N@P(E - de

30

This is the overlap level of N and the function of P transferred and
inverted, which implies the number of new neurons N(7) at time t
(throughout the animal’s life span) under the proportion P(t — 1)
that contribute to spatial information processing (see Fig. 6A and 6B
for a graphic explanation). The resulting calculation showed that the
time t, when the maximum number of neurons, that were born after
the DG network was fully formed, contribute to spatial exploration
processing, is at day 217, where 2057 of the adult-born neurons in
the sample region are predicted to respond to spatial exploration
(Fig. 5D). This represents 60% of the total granular cell population
that responds to this behavior. If we include in our calculation all the
neurons born after the animal’s birth that survive for 30 days, the
result suggest that at day 129 of the animal’s life, 99% of the neurons
that respond to exploration are neurons that were born post-natally
(Figure 5D, shaded line).

We emphasize that this model is presented only as a new
hypothesis suggesting that the neurons born in the adult mammal
hippocampus change their contribution throughout both, their own
and the animal’s life span. These results, though inconclusive, should
stimulate further studies that evaluate the relevance and
contribution of newly incorporated granular neurons through time.
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Figure 6. lllustration of the calculation procedure. A) As an example of our calculation that lead to the
results found in Figure 6D, we can estimate the number of cells that contribute to the spatial
exploration response at day 400 in the life of (small arrow), from cells born on day 250. We found
,11,000 new neurons that were born on day 250 and survive for at least 30 days; when we multiplied
this by the proportion of neurons that responds to exploration at day 400 (2%), we calculated that ,220
cells respond to exploration (big arrow in B); B) When all the new neurons are considered (area under
the line) we have a total number of neurons that respond at day 400, from the cumulative number of
new neurons at that time. C) To determine the background due to Arc expression during early
development of new neurons, we calculated the probability of neurons to express Arc from 1 to 30
days, using 2 linear models. D) A similar convolution as the one used for our previous calculation was
done to estimate the number of adult-born neurons found from 1 to 30 days PBI (Figure 5 C). Note that
the maximum proportion of neurons that express Arc with no stimulation is ,0.16%; for comparison,
cage control animals present 0.31% of cells expressing Arc with no previous stimulation (Figure 5 A),
and this represents ,10% of the granular cells expressing Arc after spatial exploration.

Discussion
During the first 6 weeks, the average proportion of BrdU-positive
cells found in the DG from all animals fell from ~0.35% on day 7 to
~0.15% on day 45, suggesting that ~“60% of the neurons detected on
day 7 died over the course of the next 5 weeks.

It has been reported that in mouse, new neurons that survive
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more than 4 weeks represent 20% to 45% of the proliferating cells
[2,32] and that in rats, they represent 42 to 60% of the newly born
neurons [11,32]. In the present work, the number of BrdU-positive
cells found on day 1 PBI was lower than the number of cells found on
day 7 PBI. This may be explained by the fact that on day 1, only 12
hrs had passed since the last BrdU administration, and more new
cells may have incorporated BrdU in the following hours [33]. This is
consistent with an earlier report that used a single exposure to [*H]-
methyl-thymidine and found more labeled cells on day 7 than on day
1 [34]. Here, we found that the proportion of granular cells born on
one day that survive for 45 days is 0.15%, and that these cells may
survive for 3 to 11 months [8,32]; the result was similar using the
absolute BrdU-positive cells counts. We calculated that the whole DG
contains ~1,200,000 granular cells, which is consistent with previous
reports [35,36] and suggests that the number of cells born in the DG
during one day that survive is ~1,800. A similar number can be
calculated by using the estimated number of cells born each day in
the adult rat DG [33] and subtracting the dying neurons [8,32].

The location of the BrdU-positive cells among the different DG
layers throughout time indicated that new cells migrate from the
SGZ through the rest of the layers, as previously reported [8,14]. The
highest migration from the SGZ to DG L1 and L2 was reported to
occur between day 7 and 14 [14]. We observed that from day 1 to 15
PBI, when expression of DCX is highest [12], the location of new cells
changed significantly, primarily from the SGZ to DG L1 and L2,
indicating that this new neurons migrate through the DG layers. Our
results also show that a small proportion of BrdU-positive cells
(,10%) stay in the SGZ. Most (51%) of the BrdU-positive cells that
survive for 45 days stay in DG L1, consistent with previous
observations that ,60% of the newly incorporated neurons were
located in this layer [8]; at day 45 PBI the percentage of new cells
that we found in L2 was 22.6%, and in L3 it was 13.5%, also
consistent with the earlier report.

The proportion of DG neurons expressing Arc after exploration
was 1.5%, significantly higher than that observed in the cage control
animals and in agreement with the notion of a sparse code for
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spatial information processing in the DG [22,26,27].

The likelihood of observing Arc expression in BrdU-positive
cells increases throughout new neuron maturation, as recently
reported for other IEGs such as zif268 and cFos [32]. The highest IEG
(zif268 and cFos) expression, after kainate-induced seizures, was
observed at 4 weeks and remained stable at 10 weeks. The
expression of zif268 induced by water maze training was maximal at
3 weeks; however, it is not clear if such expression was specifically
induced by the behavioral treatment, since no behavioral controls
were shown [32]. In our case, from day 1 until day 15 PBI the
proportion of BrdU-positive cells expressing Arc was similar in cage
control and exploration animals. Likewise, in animals that received
LTP-inducing stimulation, Arc expression was reported in both the
stimulated and the non-stimulated hemispheres in 1-day-old new
neurons [25]. These data suggest that Arc expression in new neurons
at an early stage of their development occurs independently of
sensory or behavioral stimulation. We cannot suggest that this
seemingly spontaneous or constitutive Arc expression [25] is
independent of neuronal activity, but it may occur without synaptic
stimulation since immature granular neurons do not respond to
synaptic input or are “silent” at this early stage [14]. It is possible
then, that these new neurons may be activated in response to
paracrine BDNF release or other signals [37], which is an interesting
idea since this time is critical for the maturation and synaptic
integration of adult- born neurons. Arc expression at this early stage
may be indicative of an ongoing biological process involved in the
synaptic integration of adult-born neurons [25]. This hypothesis is
supported by recent evidence showing that Arc increases the density
of immature spines and regulates spine morphology [38]. Studying
the role of Arc expression in young, adult-born granular neurons may
help to understand the cellular mechanisms underlying the synaptic
integration of these neurons.

On the other hand, Arc expression at these early stages may
represent background noise in the system. For this reason, we
calculated the number of new neurons that contribute to Arc
expression in the general population. The result indicated that in
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cage control animals ~50% of all the granular neurons expressing Arc
may be new granular neurons born between 1 and 30 days before
sacrifice (See Fig. 6C & D). However, this represents only ~10% of the
neurons expressing Arc in response to spatial exploration, suggesting
that the background noise produced by this Arc expression in young
new neurons contributes relatively little to the whole DG network
response to exploration.

At days 30 and 45 PBI, Arc expression in the BrdU-positive cells
was significantly higher in animals allowed to explore than in cage
controls, indicating that a specific response to exploration develops
with maturation. Previously, it was reported that the unspecific
expression of Arc in response to LTP stimulation lasted for about 28
days, but the number of BrdU-positive cells expressing Arc under
these conditions increased on day 28 in the granular cell layer, and
from day 14 onwards in the SGZ [25]. In contrast, we found no Arc
expression in the BrdU-positive neurons located in the SGZ (Fig. 3C),
indicating that new granular cells found in this DG region are not
responsive to behavioral exploration and may not be functionally
integrated into the behaviorally relevant network. This agrees with
our own analysis of Arc expression in the different DG layers (Fig.
7B), where we did not find Arc-expressing cells after spatial
exploration in the SGZ. This may suggest that migration from the SGZ
to the DG granular layer is mandatory for new neurons to be able to
respond to behavioral exploration and express Arc. The
discrepancies with Kuiper’s work may also be explained by the
different stimulation methods and the animals that were used. It is
possible, even in the non-stimulated hemisphere and in the SGZ [24],
that a strong electrophysiological stimulus can activate the CA3c
commissural projections [39], thereby inducing Arc expression in
new neurons due to their enhanced plasticity [40]. Another
possibility is that the functional integration of adult-born neurons
into the hippocampal network may take longer in Sprague Dawley
than in Wistar rats.

The enhanced plasticity of newly incorporated neurons (4 to 6
weeks of age) was confirmed in the present study with the
observation that ,5% of the new neurons found at 30-45 days PBI
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responded to exploration by expressing Arc, whereas only 1.5% of
the total DG neurons responded. This difference is similar to a
previous report [19] and agrees with our earlier findings [2], where a
significantly higher proportion of 5-month-old new neurons than of

total DG neurons expressed Arc in response to spatial exploration.
A 1.6 , *
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Figure 7. Dentate gyrus layer segmentation and Arc expression in the different layers. A) Percentage
of granular cells (from the general population) expressing Arc in the different DG layers after spatial
exploration. The red bar is the proportion of cells expressing Arc in all layers. B) Shows a representative
DG layer image segmented into 4 equidistant layers. NeuN-positive granular cells are shown in blue,
Arc-expressing cells in pink, and BrdU-positive cells in green. The grid was used as a guide for the
segmentation procedure, and the cells that were mainly (.50%) located in grids from a particular layer
were considered to belong to that layer. The segmentation is represented by an overlay of translucent
colors. In brown is the SGZ, in purple L1, in green L2, and in gray L3.

The timing for the development of this Arc expression in
response to spatial exploration coincides with the dynamic cellular
process that takes place in these cells [9,10,14] and reflects the
course of selective survival and integration into a network that
processes spatial information. Around the time new neurons become
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responsive [13,14] and their glutamatergic and GABAergic input
matures [13,14,15,16], the expression of Arc rises and becomes
specific. This suggests that the enhanced survival effect of behavioral
stimulation soon after new neurons are born [41,42] depends on a
non-specific activation of DG neurons, probably related to BDNF
expression [43,44].

In animals exposed to spatial exploration, ,90% of their BrdU-
positive cells that express Arc were located in DG L1 compared to
60% in the cage control group. The distribution pattern of BrdU-
positive neurons among the DG layers (Fig. 2D) is similar to that
observed for BrdU-positive neurons expressing Arc in cage control
animals but notably different from the distribution of new neurons
that respond to spatial exploration by expressing Arc. The
observations that mature (28-day-old), new neurons found in DG L1
exhibit a well-defined dendritic structure, a conspicuous axonal
projection extending towards the hilus, and spiny dendrites reaching
the outer molecular layer [14] suggest that neurons located in L1
mature earlier, developing a functional response to the input, while
neurons located in L2 and L3 develop these features later. This may
explain why most of the adult-born neurons that are functionally
integrated into the behaviorally relevant network are located in this
inner layer, and suggests that the time required for migration may
delay the functional integration of new neurons; thus, it is expected
that neurons located in L2 and L3 will acquire the ability to respond
specifically to spatial exploration at a time point later than 45 days,
since Arc- expressing cells are found in all 3 granular layers with a
bias towards those located in the inner DG (see Fig. 4B).

When we estimated the proportion of BrdU-positive cells that
respond to spatial exploration by expressing Arc over the course of
the animal’s life span, we found a highly significant linear regression;
thus, our hypothesis is that neurons born in the adult DG after day
301 do not respond to exploration anymore; this does not suggest
that new neurons lose their integration within the network but
rather that they can no longer be recruited into circuits that process
spatial information (Fig. 5A), which may be related to a network
mechanism that ensures that the DG code for spatial information can
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change. It is important to acknowledge that a non-linear model may
also fit the data, and that more data points are required to
demonstrate that our hypothesis is correct; however, the hypothesis
is supported by the highly significant linear regression analysis and
by the fact that the number of new neural units under the curve
throughout the animal’s life (Fig. 6D) agrees with the total number of
Arc-expressing cells after exploration.

The hypothesis that old granular cells no longer process spatial
information after a certain time agrees with the granular cell
retirement hypothesis [45], which suggests that granular neurons
process spatial information for a limited period of time. This satisfies
an important requirement of the associative memory model from
Treves and Rolls [46], which proposes that: “...during retrieval..., the
mossy fiber input should be absent or strongly reduced..., in order
not to blur the signal relayed by the perforant path”. Our data
suggest that, instead of shutting down or reducing the DG input to
the CA3 during retrieval, a few granular neurons retire every day,
gradually changing the DG code of a particular experience. This
hypothesis is of great interest, but its validity must be tested by
further research with more time points, especially at late maturation
times for adult-born neurons.

The model also suggests that in a 7-month-old animal, 60%
([5- month-old and 99%] if we include all neurons added postnatally)
of the total granular neurons that responded to exploration should
be neurons born after the DG was fully formed. This suggests that
adult-born neurons may contribute more to spatial information
processing than pre-natally born granular neurons. This idea was
recently tested in mice that received the administration of the
thymidine analog CidU either on embryonic day 18 or postnatal day
7 and another thymidine analog IdU on postnatal day 60 [47]. The
results showed no differences in the proportion of granular cells
responding to spatial behavior by expressing cFos. However, if we
compare the time of analysis (Postnatal day 60) with our model (Fig.
5D) and consider that rats and mice present slight differences in the
speed of maturation and life span [31,48], it is possible that
differences may be observed at later time points, congruently, other
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groups had recently found a higher proportion of adult born granular
neurons responding to behavior compare to prenatally born granular
neurons (Nora Abrous, Personal Communication). In any case, the
model suggests that adult neurogenesis plays a pivotal role in spatial
information processing, and that this contribution changes with
time, which may explain cognitive changes related to hippocampal
function over the course of the animal’s life
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The present thesis aimed to shed light on the complex relationship
between corticosterone levels, hippocampal plasticity and learning.
Thus, the experiments performed investigated changes in
hippocampal morphology and neurogenesis in relation to different
corticosterone levels and spatial learning.

Chapter 1 is an introduction to my hypothesis. Here |
highlighted the importance of the plastic changes occurring in the
hippocampus, their relation with cognition, and the possible
participation of corticosterone as a modulator of those changes.

In chapter 2 of this thesis | investigated the role of
corticosterone, swimming stress and habituation in the Morris water
maze on hippocampal plasticity in both the dentate gyrus and CA3
regions. Here, | report that habituation to exposure to this water
maze habituation appeared to have a significant effect on
hippocampal plasticity as it reduced the NeuN/BrdU-labeled cell
number. This may be due to the effect of increased chronic elevated
circulating corticosterone, leading to a reduction in the generation
and survival of new neurons. In addition, together with a reduced
number of new-born cells, we observed an increased amount of
synaptophysin in the stratum lucidum of the CA3 of habituated
animals, suggesting an increased pre-synaptic activity in these
animals, possibly to compensate for the reduced levels of new
granule neurons in the dentate gyrus (DG). This works shows the
complex relationship between many variables in the water maze
task, stress, learning and hippocampal plasticity.

In chapter 3 it is shown that low and moderately elevated
corticosterone levels differentially affect plasticity in both the CA3
and DG. In this study, adrenalectomized animals had decreased
dendritic complexity in the apical region of CA3, but an increased
number of surviving new cells in the DG, regardless of corticosterone
replacement. To determine if the function of CA3 pyramidal cells and
the new cells in the hippocampal circuitry had a physiological role, |
investigated how adrenalectomy and corticosterone replacement
could affect learning in a modified version of the Barnes maze,
i.e.,the Koopmaze, as described in Chapter 4.
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In Chapter 4 | observed that adrenalectomy, regardless of
corticosterone replacement, resulted in poorer learning and memory
as well as dendritic atrophy of CA3 pyramidal neurons. Interestingly,
| did not find any marked effects of training or corticosterone on new
cell survival in the DG. A possible explanation of these findings may
be due to changes in Long Term Potentiation (LTP). LTP is a proposed
correlate between synaptic plasticity and learning and memory in
the hippocampus [1,2] and there is an inverted U-shaped dose-
response relationship between corticosterone and hippocampal LTP
[2,3]. This suggests that morphological changes that were found in
the CA3 dendrites of the adrenalectomized animals have a functional
consequence, i.e.reflecting impaired plasticity and, consequently,
impaired learning and memory.

Finally, in chapter 5 we analyzed the incorporation of new-
born hippocampal neurons in response to spatial exploration in the
Open Field task. This was shown by the increased expression of
Activity-Regulated Cytoskeleton-associated protein (Arc) associated
with enhanced plasticity. The estimated proportion of BrdU-positive
cells that responds to spatial exploration by expressing Arc
throughout the animal’s life-span showed a linear relationship,
suggesting that after at least postnatal day 337, neurons born in the
adult DG may not respond to exploration any more. Thus, these cells
may no longer be recruited into circuits that process spatial
information.

Proposing a mechanism of action of glucocorticoids on
hippocampal plasticity and memory performance, | can say that they
are likely mediated via a number of factors, but most notably
through differential activation of the mineralocorticoid (MR) and
glucocorticoid (GR) receptors. Previous work has shown that
stimulation of the MR is sufficient to mediate the effects of
corticosterone on neurogenesis by protecting mature cells from
death [4]. The activation of the MR has also a long term trophic
effect on DG [5]. The effects of the differential activation of these
receptors are not only involved with the proliferation and survival of
the new-born cells in the DG, the activation of the GR modulates
specific molecules such as the adhesion molecule PSA-NCAM that is
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associated with the maintenance of cellular plasticity and cognitive
functions [4]. MR and GR as nuclear receptors can also affect the
transcription of genes [2] and it would be interesting see if one of
those is Arc.

Obviously, corticosterone has an important role in the
morphology of the hippocampus and in the interplay between
neurogenesis in the DG, the plasticity of the CA3, and cognitive
function (Chapters 2-4) [6,7,8,9,10,11,12,13,14]. However, changes
in hippocampal plasticity, including new neuronal survival, do not
necessarily correlate directly with memory performance; as new-
born cells are not always functionally incorporated into the pre-
existing circuitry. This may be due to a number of factors and in
particular increased death in a different cell population of the DG
after adrenalectomy may play a pivotal role in this respect [15,16].

Taken together, the findings of the present thesis show that
hippocampal plasticity plays a crucial role in spatial information
processing and that this process is highly dependent on stress-
associated corticosterone levels (Chapters 2-4) as well as aging
(Chapter 5). These findings may aid in understanding changes in
hippocampus-dependent cognitive functions throughout the
animal’s life span.
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