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Long-term adrenalectomy (ADX) results in an extensive and specific loss of dentate gyrus granule cells in the hippocampus of
adult rats. This loss of granule cells extends over a period of weeks to months and ultimately results in cognitive deficits revealed
in a number of tasks that depend on intact hippocampal function. The gradual nature of ADX-induced cell death and the ensuing
deficits in cognition resemble in some important respects a variety of pathological conditions in humans. Here, we characterize
behavioural and cellular processes, including adult neurogenesis, in the rat ADX model. We also provide experimental evidence for
a neurogenic treatment strategy by which the lost hippocampal cells may be replaced, with the goal of functional recovery in mind.

1. Introduction

Animal models are widely and successfully used to reproduce
important aspects of pathologies associated with brain
disorders in many areas of neuroscience. Even within a single
neuropathological condition, there exists a wide diversity
of models, each attempting to delineate a specific cause
and/or potential treatment strategy for the condition in
question. Here, we present a novel animal model that has
several favourable features that allow for examination of
whether neuronal replacement in the hippocampus can
reverse memory deficits caused by selective degeneration of
hippocampal neurons. Characterization of regenerative suc-
cess in our simple model system should provide fundamental
information about the required conditions for replacing
neural circuitry in other brain regions more generally and
ultimately should support a treatment strategy for disorders
involving neuronal loss.

The hippocampus, a key region of the medial temporal
lobe, is a frequent target in many neurological diseases
and most forms of dementia. It is well established that
the hippocampus can degenerate in Alzheimer’s disease [1],
posttraumatic stress disorder [2], Parkinson’s disease [3],

epilepsy [4], and following acute trauma such as hypoxia
and stroke [5], to mention only a few conditions. It is also
clear that damage to the hippocampus accounts for many of
the cognitive deficits observed in these diseases, particularly
those concerned with long-term memory.

In animal models of hippocampal neuronal loss, there
is benefit from employing existing strategies for restoring
functions. In none of the models, however, there is good
evidence that lost cells are replaced and that the new cells
take up normal positions in respect to connectivity. The
grafting strategy attempts to replace lost tissue by placing
donor embryonic or stem cells directly into the target
region. In general, these approaches have success that is
clearly limited [6, 7]. In hippocampus, there is survival
of a significant number of grafted cells, some evidence
for integration into local circuitry, and at least partial
reversal of some behavioural deficits. There is an increase
in extracellular transmitter, which likely overcomes some
of the deficits, but it is extremely unlikely, despite some
synaptogenesis, that these transplanted cells have established
correct pre- and postsynaptic connections that normalize
information processing by the hippocampal network. Even in
instances of excellent graft survival with multiple transplant
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locations, there are clear persisting functional deficits [8–10].
It seems that normal information processing does not take
place in hippocampal grafts [8, 11]. There is some recent
evidence that grafts of embryonic CA3 tissue promote
expression of calbindin in existing hippocampal neurons
after CA3 excitotoxic injury, and this might be beneficial
for hippocampal excitability [12]. Furthermore, embryonic
neuroblasts implanted into normal or pilocarpine-damaged
hippocampal rats survive, establish some connections with
the host, but remain in clumps, not likely restoring normal
information processing [13]. Thus, regardless of approach,
the objective of repairing damaged HPC circuits still seems
to be beyond our reach.

A new set of opportunities has opened up based upon the
surprising discovery that in the adult brain, there are at least
two pools of cells that continuously generate new neurons.
One of these pools of neurogenic stem cells is centered on
the subventricular zone of the lateral ventricular wall, and
the other, a focus of our work, is located in the dentate
subgranular zone of the hippocampus. This process of adult
neurogenesis is known to occur in the hippocampus of adult
humans [14]. Thus, our novel, and we believe promising,
animal model involves upregulating hippocampal neuroge-
nesis in order to repair the damaged circuitry and reverse
associated cognitive impairments. Therefore, a major advan-
tage of our model is that the restoration of damaged circuitry
occurs through manipulating an endogenous process.

Thus, our animal model capitalizes on two strange
properties of the hippocampus. First, hippocampal granule
cells slowly and selectively die after CORT is completely
eliminated. Second, uniquely in the cortex, in adults, there
is a steady addition of newborn granule cells to the
hippocampal network. Below, we describe and explain the
experimental manipulation that produces a gradual and
targeted loss of granule cells in the dentate gyrus subfield
of the hippocampus of adult rats. Specifically, we show
histological findings that outline the time course and extent
of this cell loss. Next, we present evidence for the effects
of this cell loss on the electrophysiological properties of
the dentate gyrus and characterize its ensuing impact on
behaviour. Finally, we present a treatment strategy that takes
advantage of adult dentate gyrus neurogenesis; precisely, that
upregulation of adult neurogenesis results in a significant
repopulation of the dentate gyrus granule cell layer.

2. Experimentally-Induced Granule Cell Loss in
the Adult Dentate Gyrus

Our animal model utilizes ADX to induce a gradual and
specific loss of granule cells within the adult rat dentate
gyrus. Robert Sloviter and colleagues first reported the loss
of granule cells in the dentate gyrus resulting from ADX in
1989 [15]. They observed a selective loss of dentate gyrus
granule cells in the hippocampus, three-to-four months after
ADX in adult rats. Importantly, using immunohistochemical
and electrophysiological techniques, Sloviter et al. [15, 16]
showed that other hippocampal subfields were essentially
unaffected by ADX, demonstrating the specificity of cell loss

after ADX. Moreover, CORT replacement immediately after
ADX prevented cell loss from the granule cell layer. These
findings suggest that the absence of CORT associated with
ADX causes specific degeneration within the dentate gyrus
while sparing other hippocampal regions.

Work by Gould et al. [17] confirmed the specificity of
ADX-induced cell loss, showing the presence of pyknotic
cells in the hippocampal granule cell layer (but not CA1 or
CA3) of rats, three days after ADX. Subsequent investigation
by Woolley et al. [18] demonstrated that specific activation
of type 1 adrenal steroid receptors via aldosterone is also
sufficient to prevent the loss of dentate gyrus granule cells
associated with ADX, providing identification of an initial
trigger of the mechanism by which post-ADX granule
cell death occurs. Woolley et al. [18] also confirmed the
specificity of cell death in the rat hippocampus, noting
a significant increase in pyknotic cells in the granule cell
layer of the dentate gyrus seven days after ADX. Using
electron microscopy, Sloviter et al. [16] provided further
evidence for apoptotic cell death in the dentate gyrus granule
cell layer as a result of ADX. They reported a number
of morphological changes in dentate granule cells that are
characteristic of apoptosis (condensed nuclear chromatin,
compaction of cytoplasm, blebbing). Other markers of cell
death have been employed to characterize granule cell loss
after ADX, including silver impregnation [19, 20], caspase-9
[21], and terminal dUTP nick end labeling (TUNEL, [22]).

Although the aforementioned studies demonstrated
ADX-induced neural degeneration, none has provided a
time course of the degeneration or described its progression.
Using the cell death marker Fluoro-Jade B [23], we examined
both the onset and time course of hippocampal granule
cell death after ADX. Specifically, Fluoro-Jade B expression
within the dentate gyrus was assessed in rats that were sacri-
ficed 1–7 days and 2, 4, 8, or 23 weeks after ADX. We found
that as described previously [17, 19], cell death is evident by
three days after complete removal of circulating CORT. Very
little, if any, Fluoro-Jade positive cells were detected in rats
sacrificed 1 or 2 days after ADX, yet consistent labeling was
observed in the rats that were sacrificed 3 or more days after.
Furthermore, granule cell death increased steadily from one
to two weeks, peaking at the fourth week and remained high
in week eight. Moreover, cell death could still be observed
23 weeks after ADX, but not to the same extent as in the
previous time point. Thus, for a period of up to at least 23
weeks, a large pool of granule cells die as a result of ADX-
induced CORT depletion (Figure 1).

The continuing loss of hippocampal granule cells in the
adult rat is a nice feature of this model, as it resembles slow
neurodegenerative processes of neuronal loss experienced
by individuals suffering from various forms of dementia
[24], delayed hippocampal neuronal loss associated with
stroke [25], as well as traumatic brain injury [26]. The
relatively slow loss of neurons as a result of ADX is also
congruent with many other neurodegenerative disorders
including Huntington’s [27] and Parkinson’s disease [28].

The gradual loss of granule cells associated with chronic
ADX can lead to substantial damage in the dentate gyrus.
After 10 weeks of ADX we have found that approximately
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Figure 1: Representative Fluoro-Jade B labeled sections taken from a control (a) and adrenalectomized (ADX) rats at 3 days (b), 8 weeks (c),
and 23 weeks (d) after surgery. No Fluoro-Jade B positive cells were apparent in control tissue (a). Fluoro-Jade B positive cells were evident
by 3 days after ADX (indicated by arrows) and appeared in the superior lateral blade of the dentate gyrus (b). At 8 weeks after ADX surgery,
Fluoro-Jade B positive cells were evident throughout the entire granule cell layer but was still most concentrated in the superior, lateral blade
(c). Fluoro-Jade B labeling has substantially decreased at the 23-week time point but was still apparent throughout the entire dentate gyrus
granule cell layer (d). Scale bar = 100 µm.

25 percent of the volume of the granule cell layer is
lost (Figure 2(c); [29]). These estimates were obtained by
quantifying granule cell layer volume using the Cavalieri
volume estimator [30–33]. This technique allows for a
relatively quick and easy estimate of ADX-induced damage
in the dentate gyrus. A more refined estimate, however, can
be obtained by quantifying the total number of remaining
cells after ADX using the optical fractionator technique. The
latter revealed that 10 weeks of ADX-induced cell death
caused approximately a 50 percent reduction in dentate gyrus
granule cells (Figure 2(d); [29]). Not surprisingly, there is a
strong and significant correlation between volume and total
granule cell number in the dentate gyrus, suggesting that the
decrease in volume after ADX is at least in part due to the loss
of granule cells. Our findings are congruent with previous
studies showing granule cell loss in the dentate gyrus after
long-term ADX [15, 34–36]. However, we advocate that the
estimates that we present here are more accurate, as they
relied on unbiased stereological approaches.

In summary, ADX and its resulting CORT depletion
causes prolonged cell death that is restricted to the granule

cell layer of the dentate gyrus. A 10-week degeneration
period results in noticeable damage in the dentate gyrus
that can easily be quantified stereologically. As such, we have
a slow neurodegeneration model that limits its damage to
an area of the brain known for critical cognitive function,
particularly memory. A fundamental question now arises:
what are the in vivo effects of the selective degeneration
of hippocampal granule cells? We examined this question
by investigating the electrophysiological properties of the
dentate gyrus following ADX-induced degeneration and
more importantly its ensuing impact on behavior.

3. In Vivo Implications of
Hippocampal Granule Cell Loss

To determine the functional effects of granule cell death
in vivo, we utilized a battery of electrophysiological and
behavioural indices. Specifically, we performed input/output
(I/O) curves on awake, freely behaving ADX rats and
recorded population spike amplitude and field excitatory
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Figure 2: Representative DAPI-labeled sections containing the dentate gyrus granule cell layer in a control (a) and an adrenalectomy (ADX)
rat (b) after 10 weeks of degeneration. (c) By 10 weeks, ADX rats had lost approximately one-third of the volume of the dentate gyrus
granule cell layer when compared to adrenally intact controls. (d) Cell counts using the optical fractionator revealed a loss of roughly half
of the dentate gyrus granule cells at the same time point. ∗indicates significant difference; error bars represent standard error of the mean
(adapted from [29]).

post synaptic potentials (fEPSPs). In addition, we used
several behavioural tests (Morris water task, object/context
mismatch, and open field activity) to assess the effect of
hippocampal granule cell loss on behaviour and cognition.

Our animal model requires that after the 10-week
degeneration period, rats are provided with replacement
CORT. The administration of CORT serves two purposes: (1)
it prevents further ADX-induced apoptosis and (2) allows us
to determine the functional deficits strictly associated with
the loss of granule cells and not the effects of CORT depletion
per se. Indeed, any changes observed following ADX could
be due to complete removal of circulating CORT and/or the
ensuing loss of dentate gyrus granule cells. By administering
CORT, we mitigate the potential adverse effects of the
hormone depletion and can more accurately assess the
effects of granule cell degeneration specifically. Thus, we
administer a daily, oral dosage of CORT (1 mg), after the
10-week degeneration period and throughout the remainder
of our studies. This method of CORT replacement has been
demonstrated as effective at inducing a diurnal rhythm in

ADX rats that is similar to intact controls [36] and in
preventing ADX-induced cell death [15], electrophysiology
alterations [37], and behavioural deficits [34].

With the exception of the report by Sloviter et al.
[15], much like post-ADX reports of cell death [17, 20],
electrophysiological studies have been performed at time
points very soon after surgery. A number of experiments have
reported alterations in granule cell electrophysiology, usually
ranging from 3 [37–39] to 10 days [40] after ADX. The short
time course of these experiments means that little is known
about the effects of chronic ADX and the associated gradual
loss of hippocampal granule cells on the electrophysiological
properties of the dentate gyrus. Pilot data collected from
our laboratory shows that 10 weeks of ADX-induced dentate
gyrus granule cell layer degeneration is sufficient to produce
deficits in electrophysiological function despite rats receiving
replacement CORT at the time of measurement. I/O curves
were performed on awake, freely behaving control, and
ADX rats, and population spike amplitude and fEPSPs
were recorded. We found a marked attenuation of the
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electrophysiological response of the dentate gyrus in chronic
ADX rats. Specifically, we noticed a significantly lower
fEPSP slope and a decreased population spike in ADX rats
after 10 weeks of granule cell layer degeneration when
compared to intact controls (Figure 3). Importantly, all ADX
rats received replacement CORT starting one week prior to
and during the time of data collection. Thus, 10 weeks of
cell death, that typically leads to a 50% decrease in cells in
the granule cell layer of the dentate gyrus, cause substantial
electrophysiological disturbances within the hippocampus.

Pivotal to our model, the ADX-induced degeneration in
the dentate gyrus leads to significant behavioural changes
and cognitive deficits. More specifically, the loss of granule
cells due to long-term ADX results in cognitive deficits in at
least two tasks that have been shown to depend on intact
hippocampal function. Using a moving platform version
of the Morris water task, we demonstrated that rats with
dentate gyrus damage performed poorly relative to controls
[36], replicating prior research that suggests damage focused
on the dentate gyrus (including ADX) produces deficits in
spatial tasks [34, 41–43]. Using a novel/familiar platform
location paradigm, we were able to assess both memory
acquisition and 24-hour retention. We found that ADX rats
take longer to locate a hidden platform within the Morris
water task, regardless of whether it was in a familiar or novel
location (Figure 4(a)). This significant increase in time to
find the platform is not explained by differences in swim
speed between ADX and intact control animals. Of note is
that during our investigation, all of our ADX rats received
replacement CORT and still presented with spatial deficits.
This finding adds to a body of evidence that suggests a loss of
granule cells is sufficient to produce cognitive deficits.

We have also reported behavioural deficits following 10
weeks of ADX-induced cell degeneration in a spontaneous
recognition task [29]. Prior investigation has shown that
rats with damage limited to the hippocampus perform
novel object preference tasks at levels similar to controls
but display deficits when information about context [44]
or place [45] becomes important for successful recognition.
Thus, we tested the ability of rats to recognize whether
an object is associated with the context in which it was
originally encountered. Rats are presented with a pair of
identical objects in one context (Context A), and after a short
exploration period, they are presented with another pair in
an alternate context (Context B). During this acquisition
phase, rats are provided with equal exposure to the two
object pairs, each pair housed in a different context. For
the test, rats are returned to either of the contexts (A
or B), but now, an object from each pair is present.
Normally, rats will spend a greater proportion of their object
investigation time with the mismatched object (i.e., the one
never encountered in that context before). We term this
spontaneous recognition task the object/context mismatch
task. ADX animals perform significantly worse than controls
on this task and fail to show preferential investigation of the
object that is mismatched (Figure 4(b)).

The deficits we observe in rats after long-term ADX
bear a family resemblance to those experienced by people
displaying a loss of hippocampal function [46–49]. Spatial
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Figure 3: Pilot data assessing the electrophysiological response of
the dentate gyrus after 10 weeks of adrenalectomy (ADX) followed
by one-week of CORT replacement, all ADX rats were on CORT
replacement at the time of recording. (a) Chronic ADX resulted in
a significantly attenuated fEPSP slope relative to control rats. (b) A
tendency for ADX rats to have a lower population spike amplitude
compared to intact controls was apparent. Error bars represent
standard error of the mean.

deficits as a result of hippocampal atrophy due to Alzheimer’s
disease [50] and hippocampal damage associated with
surgical resection [47] have been reported in the virtual
Morris water task, the human analogue of the spatial task
we employed to assess behaviour in our ADX animals [36].
Astur et al. [47] show that human patients with surgery-
induced unilateral hippocampal damage took significantly
longer to locate a hidden platform and spent less time
“swimming” in the correct quadrant during a probe trial
in the virtual Morris water task than their age-matched
cohorts. The disruption in recognition memory by altering
the context in which objects are presented has also been
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Figure 4: Behavioural deficits associated with long-term ADX. (a)
ADX rats were impaired relative to controls at locating both novel
and familiar platform locations in a moving platform version of
the Morris water task. (b) Discrimination ability of ADX rats in
the object/context mismatch task was significantly impaired. ADX
rats did not discriminate above chance levels. Dashed lines represent
chance, error bars represent standard error of the mean.

observed in human patients suffering from hippocampal
damage [49], a finding that is congruent with our data,
showing diminished novel object/context association in ADX
rats [29]. Pascalis and colleagues [49] show that when the
context in which an object is first presented (familiarization)
and subsequently reintroduced (test) is changed, patients
with hippocampal damage show a lack of object preference,
despite intact object recognition when the background
context remained constant.

4. Adult Hippocampal Neurogenesis:
A Potential Treatment Strategy

It is well established that the birth of new neurons in the
brain continues throughout all of adulthood. The processes

of proliferation, migration, and integration of new neurons
in the adult brain are now well-described phenomena,
both in the dentate gyrus [51] and the subventricular
zone [52]. Numerous modulators of the neurogenic process
within the adult hippocampus have been discovered, ranging
from the administration of pharmacological agents such as
fluoxetine [53, 54], growth factors [55], exercise [56, 57],
environmental enrichment [56, 58], to stress and stress
hormones [59–61].

ADX itself has been demonstrated to alter neurogenesis.
Gould and colleagues [59] reported an increase in prolif-
eration six days after ADX as determined by an increase
in the density of tritiated thymidine-labeled cells in the
dentate gyrus of ADX rats compared to controls. Further
studies have confirmed this phenomenon, finding increases
in proliferation within the dentate gyrus at time points
ranging from six to twelve days after ADX [60, 62, 63].

All of the aforementioned studies assessing proliferation
after ADX have done so without CORT replacement [59,
60, 62, 63]. These studies demonstrate that proliferation
continues in the adult dentate gyrus in the absence of
CORT, at least at relatively short time points after ADX. It is
well documented that adult born granule cells mature into
functional units within the dentate gyrus [51], eventually
becoming indistinguishable from their surrounding coun-
terparts. As ADX eliminates mature dentate gyrus granule
cells [15] it is not unreasonable to conclude that CORT is
necessary to ensure the survival of adult-born granule cells.
Our CORT replacement strategy not only serves to prevent
further granule cell layer degeneration but also ensures the
survival of those hippocampal granule cells born in the adult
ADX rat.

Our animal model utilizes the phenomenon of adult
neurogenesis in an attempt to repopulate the damaged
dentate gyrus with adult-born granule cells. As such, it is
necessary to demonstrate that neurogenesis continues in
the damaged dentate gyrus and that it can be upregulated
to a level sufficient to significantly replace lost neurons
within the adult hippocampus. We have previously shown
that neurogenesis continues in the ADX brain at levels
similar to adrenally intact controls [36]. Specifically, we
report that the number of proliferating cells (as determined
by Ki67 expression) and migrating neuroblasts (those cells
expressing the microtubule-associated protein doublecortin
(DCX)) does not differ significantly between chronic ADX
and control rats. This is important because it shows that
despite significant degeneration of the granule cell layer, the
subgranular zone remains viable.

Indirect evidence from our 2007 study [36] suggested
that the treatment strategy we had employed (eight weeks
of daily fluoxetine administration) transiently increased
hippocampal neurogenesis. Despite a lack of a significant
difference in neurogenesis between ADX rats and controls,
there was a tendency for ADX rats that were treated with
fluoxetine to have a thicker dentate gyrus than those that
were untreated. This suggests that fluoxetine may have
induced a transient increase in neurogenesis, resulting in
a thicker granule cell layer. These results prompted us to
examine other neurogenic treatment strategies.
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Figure 5: Regardless of adrenalectomy (ADX), the combined enrichment and exercise treatment significantly increased neurogenesis as
indexed by doublecortin (DCX). Representative pictures of DCX positive cells in the dentate gyrus of (a) home cage controls, (b) controls
exposed to wheel running and enrichment, (c) ADX rats housed in the home cage, and (d) ADX rats exposed to wheel running and
enrichment.

We succeeded in substantially repopulating the dentate
gyrus following 10 weeks of ADX-induced degeneration
by using a unique combination of enriched housing and
wheel running. Specifically, we housed our rats in a 24-
hour alternating condition of group-housed environmental
enrichment and individual access to a running wheel over a
period of 6 weeks. It is believed that the effects of exercise and
environmental enrichment on adult neurogenesis are disso-
ciable [57]. Exercise (in the form of wheel running) has been
shown to increase the proliferation of new cells, specifically
targeting Type-2 cells [51, 57]. Environmental enrichment
can dramatically increase the number of new dentate gyrus
granule cells but may not increase proliferation. Enrichment
may primarily increase the proportion of progenitors that are
selected to survive to granule cell maturity [57, 64].

The proliferation of hippocampal granule cells occurs
in the ADX rat (with or without replacement CORT), even
at long time points. Despite this, ADX rats present with
behavioural deficits in a multitude of tasks. This suggests
that it is the mature granule cells are critical for certain

behaviours. Simply increasing the proliferation of new cells
is, therefore, unlikely to ameliorate the deficits associated
with ADX. Rather it is the survival and functional integration
of these cells that is key. Our combination of wheel running
and enriched housing was selected to maximize the possibil-
ity that new cells in the damaged dentate would survive to a
functional endpoint.

We found that a significantly greater number of DCX
positive cells were evident in ADX rats that received the
enriched environment and wheel running (Figures 5 and
6(a)) compared to those remaining in the home cage.
This is consistent with extensive evidence suggesting that
neurogenesis can be increased by enriched environmental
housing [56, 58, 65] and exercise [66, 67]. Importantly, the
number of DCX positive cells present in ADX rats is similar
to that which is observed in controls. Despite the significant
depletion of granule cells in the dentate gyrus caused
by ADX, hippocampal neurogenesis continues, providing
further evidence that the subgranular zone remains viable
after long-term ADX.
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Figure 6: (a) Our alternating treatment of enrichment and wheel
running significantly increased the number of doublecortin (DCX)
positive cells in the dentate gyrus of adrenalectomy (ADX) and con-
trol rats. (b) Chronic ADX significantly reduced the volume of the
dentate gyrus granule cell layer. Most importantly, a combination of
six weeks of enriched housing significantly increased the volume of
the dentate gyrus granule cell layer in ADX rats, compared to their
home cage counterparts. Error bars represent standard error of the
mean.

The most exciting finding, however, is that a combination
of six weeks of environmental enrichment and wheel running
increased the volume of the granule cell layer in ADX
rats compared to those that remained in the home cage
(Figure 6). Hence, enhancing neurogenesis was successful in
at least partially repopulating a damaged dentate gyrus in
adult animals. The significantly higher levels of DCX in rats
that received the enrichment/exercise treatment show that
earlier stages of neurogenesis had indeed been upregulated.
The increase in volume of the dentate gyrus in ADX rats that
experienced enrichment and exercise, a measure strongly
correlated with granule cell number [29], suggests that the
survival of adult born granule cells was also increased.

Although the volume of the hippocampal granule cell
layer in treated ADX rats did not reach control levels, the
significant repopulation of cells suggests that treatments
that upregulate adult neurogenesis may provide an effective
strategy by which lost function may be restored. The high

levels of DCX present in treated ADX rats at the time
of perfusion indicate that simply increasing the treatment
period may be sufficient to completely repopulate the
damaged dentate gyrus. Taken at face value, our results
differ from Naylor et al. [68] who report a transient increase
in proliferation as a result of voluntary wheel running
at nine, but not 24 days in rats. Kempermann and Gage
[69] also demonstrated that short-term but not long-term
exposure to an enriched environment increased proliferation
in mice, suggesting a similar transient phenomenon. By
interleaving enrichment with exercise, we may have extended
the duration of the associated increase in proliferation. An
alternate possibility is that switching between wheel running
and a relatively novel, enriched environment every 24 hours
may maintain a degree of novelty that has been suggested as
responsible for increases in neurogenesis [69]. Importantly,
the animal model we describe provides an excellent method
by which to test treatment strategies targeting restoration of
function after neuronal loss.

Preliminary evidence from our laboratory suggests that
regeneration of the dentate gyrus granule cell layer via adult
neurogenesis can restore impaired behaviour [70]. After
10 weeks of granule cell layer degeneration due to ADX,
rats were placed on CORT and administered a cocktail
of growth factors (FGF-2 and sonic hedgehog) via an
osmotic minipump for six weeks in an attempt to increase
neurogenesis within the hippocampus. Both FGF-2 [55, 71]
and sonic hedgehog [72, 73] have been shown to increase
neurogenesis in normal animals, specifically targeting early
stages of the neurogenic process. During administration of
growth factors, ADX rats were group housed in an enriched
environment, which has been shown to increase survival
of adult born neurons in normal animals [56, 57]. ADX
rats that received the neurogenic treatments presented with
a greater hippocampal granule cell-layer volume compared
to home cage housed ADX rats given vehicle. Furthermore,
the volume of the hippocampal granule cell layer in treated
ADX rats did not differ from that of controls, indicating, at
least by this measure, a complete regrowth of the previously
degenerated hippocampal subfield. Importantly, those ADX
rats that had an increased dentate gyrus granule cell-layer
volume as a result of treatment with an enriched environ-
ment, FGF-2, and sonic hedgehog performed significantly
better that their ADX cohorts receiving vehicle and did not
differ from controls in a contextual discrimination task.
This initial finding suggests a functional repopulation of
the dentate gyrus granule cell layer in the adult animal,
something that has not been reported before. Although more
work is required to confirm the results, this compelling
finding suggests that functional recovery in the adult animal
is a distinct possibility.

5. General Discussion

Our animal model utilizes ADX to induce a progressive and
specific loss of hippocampal granule cells followed by an
upregulated neurogenic period to repopulate the damaged
circuitry. To recap the essential features of the model, rats
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Figure 7: The experimental time course. Bilateral adrenalectomy
(ADX) is conducted at the onset of the experiment. The granule
cell layer of the dentate gryus degenerates significantly over the
following ten weeks, during which rats remain in their homecages.
A subset of ADX rats are exposed to a number of different
treatment strategies, after which behavioural and electrophysiolog-
ical measures can be taken. Upon completion of the experiment,
rats are perfused and the granule cell layer is assessed using
immunohistochemistry and unbiased stereological techniques.

first undergo ADX surgery and remain in their home cages
for at least a 10-week degeneration period. The absence of
CORT associated with the removal of the adrenal glands
leads to progressive degeneration, producing a 50% cell
loss within the dentate gyrus granule cell layer after 10
weeks. Second, the ADX rats are placed on daily CORT
replacement to prevent further degeneration and allow
new neurons to establish themselves within the damaged
circuitry. In addition, a subset of ADX rats is then exposed to
neurogenic treatments in order to increase the endogenous
levels of neurogenesis within the adult hippocampus. Third,
after the treatment period, rats are subjected to a bat-
tery of behavioural tasks and electrophysiological measures
designed to evaluate hippocampal function. Finally, the
rats are perfused and the hippocampal granule cell layer
is assessed using immunohistochemistry and stereological
methods. The steps of the model are illustrated in Figure 7.

The described animal model produces a specific and
gradual degeneration of neurons within the adult hip-
pocampus. The gradual loss of hippocampal neurons is
a hallmark symptom of a number of pathological states,
including traumatic brain injury [74–76], stroke [25, 77],
and a number of dementias [24, 46]. Similar to patients that
suffer hippocampal atrophy due to prolonged cell loss we
show that rats with a long-term loss of hippocampal granule
cells suffer from cognitive deficits in tasks that have been
shown to depend upon intact hippocampal function.

Of note is that even after a significant degeneration of the
granule cell layer, the stem cell niche within the subgranular
zone remains a viable substrate for the birth of new neurons
in the adult. We are the first to show that dentate gyrus
neurogenesis continues at normal levels after chronic (longer
than 10 days) ADX in the adult rat. We are also the first
to show that at much longer time points (six-to-ten weeks
after ADX) that in combination with CORT replacement,
methods that increase neurogenesis in the normal animal
continue to do so in the damaged dentate gyrus.

As in normal animals, we show that the stem-cell
niche in the subgranular zone of chronic ADX rats can be

modulated. Using a combination of exercise and environ-
mental enrichment, we show that early stages of neurogenesis
can be upregulated in the ADX rat. A 24-hour alternat-
ing regimen of wheel running and enriched environment
exposure resulted in a significant increase in the number
of migrating neuroblasts, as indicated by the microtubule-
associated protein DCX. This effect was similar to that
which was observed in our controls, as well as to other
reports of exercise-induced alterations in neurogenesis [66,
67]. Our observation provides further evidence of an intact
neural stem-cell niche in the dentate gyrus of ADX rats.
This upregulation of neurogenesis resulted in a significant
increase in the volume of the dentate gyrus of ADX rats,
relative to their home-cage ADX cohorts. Although at the six-
week time point the volume of the granule cell layer in treated
ADX rats was still smaller than controls, the continuing high
levels of DCX expression suggest that increasing the length
of exposure to the combination of enrichment and exercise
may suffice to restore the volume of the dentate gyrus granule
cell layer to normal. The significant increase in dentate gyrus
granule cell layer volume in the enriched ADX rats provides
indirect evidence that adult born neurons survive in the
damaged dentate gyrus.

We provide a method by which one form of intrinsic
plasticity of the adult brain can be modulated in an attempt
to induce functional recovery. Here, we employ behavioural
and pharmacological techniques that increase the birth and
survival of new neurons in the hippocampus. We show
that repopulation of the damaged dentate gyrus via adult-
born neurons is a viable approach to induce functional
recovery. Treatment strategies employing transplantation of
exogenous stem cells have proven to be relatively ineffective
in alleviating function deficits [8–10]. A number of issues
result from such methods, including the long-term survival
of grafted cells and the inability to determine conclusively
whether or not grafted cells functionally integrate into an
existing neural network [6]. Here, we manipulate a naturally
occurring system that continually results in the functional
integration of new neurons into an existing network within
the adult animal.

The functional integration of new neurons in the adult
animal provides a treatment strategy by which an increase
in the number of new cells results in a repopulation of
a previously damaged brain region. The effectiveness of
treatment methods designed to induce repopulation of the
granule cell layer and induce functional recovery can be
assessed using the available tools and techniques discussed
in the preceding paper. Importantly, this demonstration of
the loss of function associated with brain damage and the
development of treatment strategies that result in functional
recovery provides a model by which the required conditions
for replacing neural circuitry in other brain regions may be
explored.
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C. Büchel, “Dissociable roles for the hippocampus and the
amygdala in human cued versus context fear conditioning,”
Journal of Neuroscience, vol. 28, no. 36, pp. 9030–9036, 2008.

[49] O. Pascalis, N. M. Hunkin, J. Bachevalier, and A. R. Mayes,
“Change in background context disrupts performance on
visual paired comparison following hippocampal damage,”
Neuropsychologia, vol. 47, no. 10, pp. 2107–2113, 2009.
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