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Abstract

New neurons are continually produced in the adult mammalian brain from progenitor cells located
in specific brain regions, including the subgranular zone (SGZ) of the dentate gyrus of the
hippocampus. We hypothesized that neurogenesis occurs in the canine brain and is reduced with age.
We examined neurogenesis in the hippocampus of 5 young and 5 aged animals using doublecortin
(DCX) and bromodeoxyuridine (BrdU) immunostaining. The total unilateral number of new neurons
in the canine SGZ and granule cell layer (GCL) was estimated using stereological techniques based
upon unbiased principles of systematic uniformly random sampling. Animals received 25 mg/kg of
BrdU once a day for 5 days and were euthanized 9 days after the last injection. We found evidence
of neurogenesis in the canine brain and that cell genesis and neurogenesis are greatly reduced in the
SGZ/GCL of aged animals compared to young. We further tested the hypothesis that an antioxidant
fortified food or behavioral enrichment would improve neurogenesis in the aged canine brain and
neurogenesis may correlate with cognitive function. Aged animals were treated for 2.8 years and
tissue was available for 6 that received the antioxidant food, 5 that received the enrichment and 6
receiving both treatments. There were no significant differences in the absolute number of DCX or
DCX-BrdU neurons or BrdU nuclei between the treatment groups compared to control animals. The
number of DCX-positive neurons and double labeled DCX-BrdU-positive neurons, but not BrdU-
positive nuclei alone, significantly correlated with performance on several cognitive tasks including
spatial memory and discrimination learning. These results suggest that new neurons in the aged
canine dentate gyrus may participate in modulating cognitive functions.
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INTRODUCTION

Neurogenesis in the postnatal adult mammalian brain has been reported in rats (Kuhn,
Dickinson-Anson & Gage, 1996), mice (Kempermann, Kuhn & Gage, 1997), tree shrews
(Gould, McEwen, Tanapat, Galea & Fuchs, 1997), guinea pigs (Altman & Das, 1967), rabbits
(Gueneau, Privat, Drouet & Court, 1982), cats (Wyss & Sripanidkulchai, 1985), monkeys
(Gould, Tanapat, McEwen, Flugge & Fuchs, 1998; Gould, Reeves, Fallah, Tanapat, Gross &
Fuchs, 1999c¢; Rakic & Nowakowski, 1981) and humans (Erikson, Perfilieva, Bjork-Eriksson,
Alborn, Nordborg, Peterson & Gage, 1998). The hippocampal formation continually produces
new neurons in the dentate gyrus subgranular zone (SGZ) in adult mammals. These new
neurons display passive membrane properties, action potentials and functional synaptic inputs
similar to those found in mature dentate granule cells (van Praag, Schinder, Christie, Toni,
Palmer & Gage, 2002). In hippocampal neurogenesis, although many of the new neurons die
shortly after they are born, the surviving neurons migrate into the molecular layer and send
axons to the CA3 region to form mossy fibers and project dendrites to the outer molecular layer
(Hastings & Gould, 1999). These new cells start to receive synaptic inputs from the cortex to
become functionally integrated in existing circuits (Jessberger & Kempermann, 2003; van
Praag et al., 2002). The addition of new neurons is one way in which the brain can modify its
own functional circuitry in response to challenges.

Neurogenesis is a dynamic process that can be modulated by various exogenous stimuli.
Enriched environments (Kempermann et al., 1997), running wheel exercise (van Praag,
Kempermann & Gage, 1999), hippocampal dependent learning (Gould, Beylin, Tanapat,
Reeves & Shors, 1999b), and dietary restriction (Lee, Duan, Long, Ingram & Mattson, 2000;
Lee, Seroogy, & Mattson, 2002) increase neurogenesis in the adult hippocampus. Other stimuli
reduce hippocampal neurogenesis including stress (Gould et al., 1997; Gould et al., 1998) and
social isolation (Lu, Bao, Chen, Xia, Fan, Zhang, Pei & Ma, 2003). Reduced levels of
neurogenesis are also observed with advanced age in rats (Kuhn et al., 1996; McDonald &
Wojtowicz, 2005), mice (Kempermann, Kuhn & Gage, 1998) and monkeys (Gould et al.,
1999c). The aging brain, however, retains neuroplasticity and several environmental stimuli
can ameliorate the age-related decline in neurogenesis including physical exercise
(Kronenberg, Bick-Sander, Bunk, Wolf, Ehninger & Kempermann, 2006) and environmental
enrichment (Kuhn et al., 1996).

The modulation of neurogenesis can be achieved through two dissociable pathways, progenitor
cell proliferation or the survival of the newly generated cells. Olson, Eadie, Ernst and Christie
(2006) reported that environmental enrichment has a survival promoting effect on newly
generated cells while physical exercise leads to an increase in progenitor cell proliferation.
Nutritional manipulations can also affect neurogenesis through both pathways. Vitamin E
(alpha-tocopherol) has antioxidant properties and supplementation in rats increases the survival
of newborn cells in the dentate gyrus but inhibits cell proliferation (Cecchini, Ciaroni, Ferri,
Ambrogini, Cuppini, Santi & Del Grande, 2003; Cuppini, Ciaroni, Cecchini, Ambrogini, Ferri,
Cuppini, Ninfali & Del Grande, 2002).

Although the functions of hippocampal neurogenesis are not fully understood, several studies
have reported that hippocampal neurogenesis may be involved in specific types of
hippocampal-dependent learning and memory (Bruel-Jungerman, Laroche & Rampon, 2005;
Drapeau, Mayo, Aurousseau, Le Moal, Piazza & Abrous 2003; Kemperman & Gage, 2002;
Gould et al., 1999b; Shors, Miesegaes, Beylin, Zhao, Rydel & Gould, 2001; Shors, Townsend,
Zhao, Kozorovitskiy & Gould, 2002). Some authors postulate that it is specifically the survival
of new neurons that is linked to cognitive function and not progenitor proliferation (Bizon &
Gallagher, 2003; Merrill, Karim, Darraq, Chiba & Tuszynski, 2003; Wati, Kudo, Qiao, Kuroki
& Kanba, 2006).

Neurobiol Learn Mem. Author manuscript; available in PMC 2008 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Siwak-Tapp et al.

Page 3

The present study had three goals. First, we wanted to establish that neurogenesis occurs in the
canine hippocampus and determine whether changes occur with age. Second, we examined
whether hippocampal neurogenesis in the aged canine brain could be modified by two
interventions, an antioxidant fortified food and behavioral enrichment. Third, we wanted to
determine whether there is an association between the extent of hippocampal neurogenesis and
cognitive performance in the aged canine.

We used two markers, doublecortin (DCX) and bromodeoxyuridine (BrdU), that have
previously been shown to reflect levels of neurogenesis and the presence of newly born cells
respectively (Couillard-Despres, Winner, Schaubeck, Aigner, VVroemen, Weidner, Bogdahn,
Winkler, Kuhn & Aigner, 2005; Rao & Shetty, 2004). DCX is a 40 kDa microtubule-associated
protein expressed exclusively in neurons that has been used as a marker of neurogenesis in the
adult dentate gyrus of mice (Jin, Sun, Xie, Batteur, Mao, Smelick, Logvinova & Greenberg,
2003), rats (Brown, Couillard-Despres, Cooper-Kuhn, Winkler, Aigner & Kuhn, 2003; Rao,
Hattiangady, Abdel-Rahman, Stanley & Shetty, 2005; Rao, Hattiangady & Shetty, 2006),
monkeys (Tonchev, Yamashima, Zhao, Okano & Okano, 2003), and humans (Jin, Peel, Mao,
Xie, Cottrell, Henshell & Greenberg, 2004). BrdU, a thymidine analogue incorporated into
newly synthesized DNA, dates the birth of newly generated cells and marks all cell types
including neurons, glia and endothelial cells. DCX can colabel with BrdU, which indicates that
the neurons were born at the time when BrdU was injected and available for incorporation.
This does not imply any special function but simply confirms that the DCX immunopositive
neurons were born when BrdU was available. Thus, BrdU labeled cells represent cells born at
the time of BrdU administration and reflect only a subpopulation of the new cells produced
(Cameron & McKay, 2001). DCX immunopositive neurons without BrdU labeling represent
neurons that were born prior to, in between or following the last injection of BrdU prior to
euthanasia, when BrdU is not available for incorporation (Brown et al., 2003). Thus, our
primary measure of neurogenesis was DCX alone and secondarily used the subset of DCX-
BrdU double labeled neurons to confirm that the birth of these neurons coincided with BrdU
availability. BrdU alone was used as a general marker of cell proliferation.

MATERIALS AND METHODS
Aging Study Animals

The brains from 5 aged (13.0 — 15.0 years old) and 5 young (3.4 - 4.5 yrs old) Beagles from
the Lovelace Respiratory Research Institute (Albuquerque, NM) breeding colony were used
to examine age-related differences in the number of new neurons in the hippocampus.

Treatment Study Animals

After 2.8 years of antioxidant fortified food and/or behavioral enrichment, tissue was available
for 6 Beagles (11.0 — 15.0 years old) that received the antioxidant fortified food, 5 Beagles
(12.2 — 14.4 years old) that received the behavioral enrichment, 6 Beagles (10.7 — 14.8 years
old) receiving both treatments and 5 Beagles (13.0 — 15.0 years old) that did not receive either
treatment. The 5 animals that did not receive either treatment were the same ones used for the
age comparisons.

Animals in the treatment study have been described in several publications ((Milgram, Head,
Muggenburg, Holowachuk, Murphey, Estrada, Ikeda-Douglas, Zicker & Cotman, 2002a;
Milgram, Head, Zicker, Ikeda-Douglas, Murphey, Muggenburg, Siwak, Tapp & Cotman,
2005; Milgram, Head, Zicker, lIkeda-Douglas, Murphey, Muggenburg, Siwak, Tapp, Lowry &
Cotman, 2004; Milgram, Zicker, Head, Muggenburg, Murphey, Ikeda-Douglas & Cotman,
2002b; Siwak, Tapp, Head, Zicker, Murphey, Muggenburg, Ikeda-Douglas, Cotman &
Milgram, 2005) as part of a longitudinal study on aging and the effects of chronic treatment
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with behavioral enrichment and/or an antioxidant fortified food on cognitive function. The
treatment study animals were cognitively assessed over the course of the study, which provided
behavioral correlates to assess the functional significance of cell counts.

Antioxidant Fortified Food

The control and antioxidant fortified foods were formulated to meet the nutrient profile for the
American Association of Feed Control Officials recommendations for adult dogs (AAFCO,
1999). Control and test foods were identical in composition, other than inclusion of a broad-
based antioxidant and mitochondrial cofactor supplementation to the test food. The control and
fortified foods had the following differences in formulation on an as fed basis respectively: dl-
alpha-tocopherol acetate, (120 ppm vs approximately 1000 ppm), I-carnitine (< 20 ppm vs
250-300 ppm), dl-alpha-lipoic acid (<20 ppm vs approximaetly 120 ppm), ascorbic acid as
Stay-C (< 30 ppm vs approximately 80-100 ppm), and 1% inclusions of each of the following
(1 to 1 exchange for corn): spinach flakes, tomato pomace, grape pomace, carrot granules and
citrus pulp. The food was produced by an extrusion process and was fed for no more than 6
months before a new lot was milled.

Behavioral enrichment

The behavioral enrichment protocol consisted of social enrichment, by housing animals in
pairs, environmental enrichment, by providing play toys on a weekly rotation, physical
enrichment, by providing two 20-minute outdoor walks per week, and cognitive enrichment,
through continuous cognitive testing. The cognitive enrichment consisted of a landmark
discrimination task within 2 weeks of starting treatment (Milgram, Adams, Callahan, Head,
Mackay, Thirlwell & Cotman, 1999; Milgram et al., 2002a), an oddity discrimination task after
6 months of treatment (Milgram et al., 2002b), and size concept learning after 1.5 years of
treatment (Siwak et al., 2005; Tapp, Siwak, Head, Cotman, Murphey, Muggenburg, Ikeda-
Douglas & Milgram, 2004). All animals, regardless of treatment group were evaluated on a
test of spatial memory annually; at baseline, 1 and 2 years after the start of treatment (Chan,
Nippak, Murphey, Ikeda-Douglas, Muggenburg, Head, Cotman & Milgram, 2002), size
discrimination and reversal learning at the 1 year timepoint (Milgram et al., 2004, 2005; Tapp,
Siwak, Estrada, Head, Muggenburg, Cotman & Milgram, 2003), and black/white
discrimination and reversal at the 2 year timepoint (Fox, 1971; Milgram et al., 2005). Animals
were euthanized at the end of the black/white discrimination and reversal learning task.

BrdU Treatment

Prior to the end of the study and after 2.8 years of treatment, animals were given 5 daily
injections of 25 mg/kg of BrdU i.v. Animals were euthanized 9 days after the last injection (14
days after the first injection; personal communication with F. H. Gage).

Tissue Preparation

While under anesthesia (5% isoflurane), animals were ex-sanguinated by cardiac puncture and
within 15 minutes the brain was removed from the skull. The brain was sectioned midsagitally,
with the entire left hemisphere being immediately placed in 4% paraformaldehyde for 48-72
hours at 4°C then transferred to phosphate buffered saline with 0.05% sodium azide at 4°C for
long term storage. The left hemisphere was sent to NeuroScience Associates for sectioning.
NeuroScience Associates treated individual canine hemispheres with 20% glycerol and 2%
dimethylsulfoxide to prevent freezeartifacts and subsequently embedded two hemispheres (i.e.
two animals) per block in a gelatin matrix using MultiBrain Technology ™ (NeuroScience
Associates, Knoxville, TN; www.neuroscienceassociates.com/multibrain.htm). After curing
in formaldehyde, the block of embedded hemispheres was rapidly frozen by immersion in
isopentane chilled to -70°C with crushed dry ice and mounted on a freezing stage of an AO
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860 sliding microtome. The MultiBrain™ block was sectioned coronally at 40um. All sections
cut (none were discarded) were collected sequentially into a 4x6 array of containers which
were filled with Antigen Preserve solution (50% PBS pH 7.0, 50% Ethylene glycol, 1%
Polyvinyl Pyrrolidone) for sections to be immunohistochemically stained. At the completion
of sectioning, each container held a serial set of one-of-every-24th section (or one section every
960um). Approximately 1400 sections were generated per hemisphere. One container of free-
floating sections was randomly selected per animal and all sections in that container that
included the hippocampus were collected for immunohistochemical staining.

Immunohistochemistry

Standard immunohistochemical methods were used and have been published elsewhere
(Cummings, Head, Afagh, Milgram & Cotman, 1996; Head, Callahan, Muggenburg, Cotman
& Milgram, 1998). 40 um thick free-floating sections were first pretreated with formamide
(50%/2xSSC for 2 hours at 65°C) to denature DNA wrapped around histones to reveal the
BrdU epitopes. The tissue was then incubated in anti-BrdU antibody (Vector Laboratories Inc,
Burlingame, California 1:100) overnight at room temperature. In order to identify new neuron
phenotypes of BrdU positive nuclei, the tissue was subsequently incubated in anti-goat-
doublecortin (DCX) at 1:500 (50:50 C-18 and N-19 antibodies; Santa Cruz Biotechnology Inc,
Santa Cruz, California) overnight at room temperature. Bound secondary biotinylated anti-
mouse or anti-goat 1gG (Vector Laboratories, Burlingame, CA) antibody was detected using
ABC peroxidase kits. BrdU immunostaining was visualized using a DAB substrate kit and
DCX with an SG Blue substrate Kit, all from Vector Laboratories (Burlingame, CA). Free-
floating sections were mounted onto gelatin coated slides, dehydrated through ethanols and
coverslipped with DePeX mounting medium. Control experiments where primary or secondary
antibody was omitted resulted in negative staining. To reduce variability across
immunohistochemistry experiments, batches of 3 sections from each animal were stained
simultaneously. Penetration of the antibody was complete through the section since labeled
cells were detectable in deeper layers within a section. There were no significant differences
in post-processing tissue thickness between the groups of animals in this tissue set (Siwak-
Tapp, Head, Muggenburg, Milgram & Cotman, 2006).

Stereological Evaluation

Total unilateral BrdU-positive nuclei, DCX-positive new neurons and DCX-BrdU double
labeled neurons were counted in the SGZ and GCL of the dentate gyrus of the hippocampus.
We used DCX as a marker of new neurons because studies in rats show that peak levels of
DCX-BrdU double labeling occurs 7 days after BrdU administration while mature neuronal
markers do not appear until 28 days after BrdU injection (McDonald & Wojtowicz, 2005). Our
protocol assessed cell numbers 9 days after the last BrdU injection. Counting was performed
using an Olympus BX50 microscope (Olympus, Tokyo, Japan) equipped with a motorized
stage (Prior Scientific Inc., Rockland, MA) connected to a digital microcator (Heidenhain,
Germany), and a video camera (JVC, Japan) connected to a computer with the CAST-GRID
software package (Olympus, Copenhagen, Denmark).

Individual estimates of the total unilateral neuron number (N) for each region were calculated
according to the following formula: N = Q™ x 1/ssf x 1/asf x 1/tsf where Y Q" is the sum of
counted neurons, ssf is the section sampling fraction, asf is the area sampling fraction, and tsf
is the thickness sampling fraction. The thickness of the section was used as the height of the
disector box making the tsf equal to 1. Optical fractionator rules typically require the use of
guard zones at the upper and lower surfaces of the section. In the current study, we used a
modified optical fractionator technique in which we did not use guard zones making the height
of the counting frame equal to the section thickness. Several authors have used full section
thickness and indicate that undercounting may occur (Czeh, Simon, van der Hart, Schmelting,
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Hesselink & Fuchs, 2005; Hatton & von Bartheld, 1999; Ngwenya, Peters & Rosene, 2005).
This counting procedure may have yielded results that were a slight undercount because of the
inability to compensate for lost caps or cells damaged at the inclusion surface but all groups
would be equally affected (Lister, Blatt, DeBassio, Kemper, Tonkiss, Galler & Rosene,
2005; Siwak-Tapp et al., 2006). The top plane was used as the exclusion plane. Due to the low
numbers of both BrdU nuclei and DCX neurons, the entire SGZ and GCL were used as the
counting frame making the asf = 1. The ssf was 1/24. Estimates were based on counting BrdU-
positive nuclei or DCX-positive cell bodies as they came into focus.

Data Analysis

RESULTS

Aging Study

To detect age differences in neurogenesis, a multivariate analysis of variance (MANOVA) was
performed with age as a between subject variable and DCX, BrdU, DCX-BrdU numbers and
the proportion of BrdU nuclei expressing DCX as the dependent measures. For the treatment
study, a 2-way MANOVA was performed with food and enrichment as the between subject
factors and DCX, BrdU, DCX-BrdU numbers and the proportion of BrdU nuclei expressing
DCX as the dependent measures. The alpha level was .05. Pearson product correlations were
used to examine the relationship between the counts and cognitive data available from the
study. Due to the high number of correlations performed we considered only p< .025 to be
more conservative.

Importantly, we showed that neurogenesis occurs in the adult canine brain. Figure 1 shows the
immunolabeling in the SGZ/GCL of the hippocampus in a young (A,C) and aged (B,D) animal.
Only a subset of DCX-positive neurons contains BrdU (arrow). The confocal images (E,F,G)
demonstrate co-localization of DCX and BrdU in the same new neurons.

Table 1 and Figure 2 show that there are significant age-related decreases in cell genesis and
neurogenesis in the canine SGZ/GCL. The number of BrdU-positive nuclei, F(1, 9) = 74.00,
p =.000 026 (Fig 2A), DCX-immunoreactive neurons F(1,9) = 125.66, p = .000 004 (Fig 2B),
and double labeled DCX-BrdU positive neurons, F(1,9) = 60.65, p = .000 053 (Fig 2C) were
lower in aged animals compared to young, consistent with findings from other animal models.
The proportion of BrdU cells expressing DCX was significantly higher in young adults
compared to old animals, F(1,9) = 12.64, p = .007 (Fig 2D).

Treatment Study

Once we established that neurogenesis occurs in the aged canine brain, we then examined the
potential to modify neurogenesis in the aged brain and whether neurogenesis correlated with
cognitive function. First, we looked for differences between the discrete treatment groups to
determine whether the food or enrichment paradigms were able to modify neurogenesis in the
aged canine brain compared to aged controls. Second, we examined the relationship of the
neuron and nuclei counts with cognitive performance to test the hypothesis that neurogenesis
may be related to cognition as suggested by some rodent studies.

Group Differences

In the aged dogs of the treatment study, there were no statistically significant differences in
the enrichment condition for total number of BrdU-positive nuclei, F(1, 21) =.007, p = .932,
DCX-immunoreactive neurons, F(1, 21) =.238, p = .632, or DCX-BrdU labeled neurons, F(1,
21) =.095, p =.761, (Fig 2A-C). No statistically significant differences were obtained with
the antioxidant fortified food condition for total number of BrdU-positive nuclei, F(1, 21) =.
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923, p =.349, DCX-immunoreactive neurons, F(1, 21) = .936, p = .346, or DCX-BrdU labeled
neurons, F(1, 21) = 2.173, p = .158. These data indicate that the behavioral enrichment and
antioxidant fortification did not have a clear measurable effect on the number of new nuclei or
new neurons. All three treatment groups tended to have a higher proportion of BrdU nuclei
express the neuronal marker DCX but this did not achieve statistical significance, F(1,21) =.
678, p = .577 (Fig 2D).

Cognition: Annual Measures for All Animals

We then examined the data for a potential relationship between new cell counts and individual
scores on cognitive tasks administered during the ~3 years of the study prior to euthanasia.
Although itis unlikely that the new cells were present during the administration of the cognitive
tasks, it may suggest that animals with higher rates of or potential for neurogenesis are the ones
that perform superiorly on cognitive tasks. We hypothesized that there would be a link between
the amount of neurogenesis and cognition.

Table 2 shows the correlations between cell counts and errors scores for the baseline and
treatment periods of the study. The table shows that more tasks significantly correlate with the
counts as the treatment period progresses. The correlations begin to appear after the treatments
were started and no significant correlations appeared with the baseline data. More significant
correlations appear in the second year of the treatment period than the first year. The
correlations are also only for neuron counts, DCX-positive neurons or double labeled DCX-
BrdU-positive neurons, and not for BrdU-positive nuclei alone. The correlations are all
negative indicating that error scores increase as new neuron numbers decrease. We see a
consistent effect despite the strength of the association.

Figure 3 graphs the association between DCX (Fig 3A) and DCX-BrdU (Fig 3B) labeling with
a black/white reversal learning task, the task administered closest to the time of death. Figure
3C also shows the relationship between DCX and a hippocampal dependent spatial memory
task administered immediately prior to the black/white task.

Cognition: Enrichment Measures for a Subset of Animals

Behaviorally enriched animals were provided with additional cognitive tasks and several
significant correlations also appeared when only the animals given the enrichment tasks were
considered (Table 3). We see consistent effects even when a smaller number of subjects was
considered. Only DCX or DCX-BrdU labeled cells showed significant correlations. All
enrichment tasks were conducted after the start of treatment.

DISCUSSION

Aging

Neurogenesis, reflected by either the number of cells positive for DCX or by the number of
double labeled DCX-BrdU cells, decreases in the aged canine hippocampus. Neurogenesis also
appears to be related to cognitive function in the aged canine since lower error scores correlated
with higher new neuron numbers.

Neurogenesis and cell genesis decrease with age in a canine model of brain aging. Aged animals
had fewer DCX-positive neurons and BrdU-positive nuclei than young adults. Overall
neurogenesis is reduced substantially by 90-96% in the aged canine even though the number
of granule layer neurons does not change with age (Siwak-Tapp et al., 2006). DCX counts
include neurons that are born prior to, in between and after the BrdU injections while the DCX-
BrdU counts only consider neurons that were born during the 5-day period of BrdU injections,
not counting any born in between the BrdU injections that were not able to incorporate BrdU.
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Both DCX and DCX-BrdU colabeling of new neurons indicate neurogenesis is greatly reduced
in the aged canine. This is consistent with work published in other mammals including rats
(Kuhn et al., 1996; McDonald & Wojtowicz 2005), mice (Kempermann et al., 1998) and
monkeys (Gould et al., 1999c). In aged rats, Kuhn et al. (1996) found that neurogenesis is
reduced to 12% of the young adult level and McDonald and Wojtowicz (2005) also reported
a 94% reduction in neurogenesis, even though the overall number of granule cells is preserved
(Rapp & Gallagher, 1996).

The reduction in neurogenesis with age may be due to a decrease in neural precursor
proliferation or a decrease in new neuron survival (Kuhn et al., 1996) or a combination of both
factors. Our data indicate that there is a decrease in progenitor cell proliferation in the aged
canine since BrdU labeled cells in the aged animals were only 23% of the level in young adults.
We also found that a smaller proportion of BrdU-positive progenitor cells expressed the new
neuron marker DCX (18% in young compared to 7% in old) suggesting that decreased new
neuron survival contributed to the age-related decrease in neurogenesis as well.

We see a similar drop in neurogenesis with age as is reported in rodents suggesting that a similar
mechanism may be disrupting neurogenesis in both species. A unique feature of the canine
model of brain aging is the natural deposition of beta-amyloid and beta-amyloid itself may
interfere with neurogenesis (Haughey, Nath, Chan, Borchard, Rao & Mattson, 2002). Since
rodents, however, do not naturally deposit beta-amyloid and the decline in neurogenesis is
similar to the canine, beta-amyloid is not likely the main mechanism or initiating factor
contributing to the age-related decrease in neurogenesis.

Other factors that show changes with age may be affecting neurogenesis. For example, reactive
gliosis may lead to reduced neurogenesis. Astrocytes display increasing activation with age
with increases in expression of glial fibrillary acidic protein and vimentin, which are both
intermediate filament proteins (Rozovsky, Wei, Morgan & Finch, 2005). Old mice lacking
both glial fibrillary acidic protein and vimentin have increased post-traumatic synaptogenesis
and higher rates of neurogenesis (Larsson, Wilhemsson, Pekna & Pekny, 2004; Wilhelmsson,
Li, Pekna, Berthold, Blom, Eliasson, Renner, Bushong, Elissman, Morgan & Pekny, 2004).
Additionally, the production of new neurons in the dentate gyrus depends on multiple factors
including cell death in the GCL as a stimulatory factor (Gould & Tanapat, 1997), hormones
such as glucocorticoids (Gould et al., 1998), growth factors (Lichtenwalner, Forbes, Bennett,
Lynch, Sonntag & Riddle, 2001), and neurotransmitters (Gould, 1999a). Changes in any of
these factors could contribute to the decrease in neurogenesis with age.

Antioxidants and Enrichment

We next examined the effects of behavioral enrichment and an antioxidant fortified food on
neurogenesis in the aged canine brain. Our previous work shows that the behavioral enrichment
and antioxidant fortification produce a significant improvement in cognitive function with the
combined treatment being additive (Milgram et al., 2002a, 2002b, 2004, 2005; Siwak et al.,
2005). Thus, we hypothesized that treated animals might show some restoration of age-related
decreases in neurogenesis. Our data indicate that the behavioral enrichment and antioxidant
fortification do not have a clear measurable effect on the absolute number of new nuclei or
new neurons in the aged canine brain. All 3 treatment groups, however, tended to have a higher
proportion of BrdU nuclei expressing the new neuron marker DCX, although not statistically
significant, suggesting that new neuron survival may be promoted by both treatment paradigms.

Cognitive Function

In support of this possibility we report several significant correlations between cognitive scores
and new neuron estimates. All of the correlations with the error scores were negative indicating
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that aged animals with higher numbers of new neurons were the ones that performed better
(fewer errors) on the cognitive tasks during the study. The correlations were only significant
or approached significance for DCX and DCX-BrdU counts indicating that it is neurogenesis
specifically that is involved in cognitive function, not the progenitor cell population marked
by BrdU alone, which could include glia or endothelial cells. Several other authors have
reported correlations of neurogenesis with cognitive ability when the survival of new neurons
is considered and not progenitor proliferation (Bizon & Gallagher, 2003; Merrill et al., 2003;
Wati et al., 2006).

It is possible that the cognitive testing itself led to higher rates of neurogenesis (Gould et al.,
1999b). The treatments may have led to improved learning through other mechanisms and as
a result of the improved learning there was an increase in neurogenesis. There is still much
controversy in the literature surrounding this question. Our data simply support the suggestion
that learning and memory are related to neurogenesis and provide no information about which
event occurs first. Although, one argument against learning causing the increase in
neurogenesis is that the antioxidant treated animals received the same cognitive testing as the
controls but still showed a slightly higher proportion of BrdU cells expressing DCX and a
stronger association between cognitive score and neurogenesis. This suggests that the
treatments might be directly contributing to an increase in neurogenesis rather than just simply
through learning-mediated plasticity mechanisms.

Significant or near significant correlations between the extent of neurogenesis and cognitive
test scores only appeared after the treatments were initiated. Correlations between measures
of neurogenesis with baseline performance were not significant suggesting that this difference
is related to the treatments since it was not present prior to treatment. Neurogenesis may be
one mechanism to increase resistance to the development of age-related cognitive problems.
Although it is unlikely that the new neurons counted were present during the administration
of the cognitive tasks, it suggests that animals with higher rates of or potential for neurogenesis
perform superiorly on cognitive tasks.

Technical Considerations

The decreased number of BrdU nuclei observed in the aged dogs could be affected by
differences in the concentrations of BrdU entering the brains of young and aged dogs since our
injections were peripheral and a non-saturating dose of BrdU was used. Studies in embryonic
and adult rats found that a higher systemic dose of BrdU is needed to optimally label S-phase
cells in the adult brain compared to the embryonic brain (Cameron & McKay, 2001). This is
attributed to the development of the blood-brain barrier, which limits entry of BrdU into the
brain when injected systemically (Cameron & McKay, 2001). Additional mechanisms may be
relevant with advancing age. BrdU entry into the brain depends upon several factors including
nucleoside transport mechanisms, blood flow to the brain or other pharmacokinetic variables,
which could be affected by age (Cameron & McKay, 2001). Younger, healthier dogs may have
increased blood flow to the brain making BrdU more available (Tapp et al., 2005). The integrity
of the blood-brain barrier, however, deteriorates with age in dogs (Morita et al., 2005), which
suggests that BrdU may also enter the aged brain more easily. Thus, although our data suggest
that progenitor cell proliferation is reduced with age, other considerations related to the
concentrations of BrdU entering the brain may affect this result.

Additionally, treatments that affect the blood-brain barrier or blood flow to the brain could also
alter BrdU availability in the brain (Cameron & McKay, 2001). We have not examined whether
the antioxidant fortified food or behavioral enrichment paradigms used in the present study
had an effect on blood-brain barrier integrity or flow of blood to the brain or other factors
affecting BrdU entry into the brain. All animals in the treatment study were similar in age and
received the same dose of BrdU so the relationship between treatment and number of BrdU
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nuclei should be constant. We did not find significant differences in the number of BrdU nuclei
between the treatment groups compared to control animals.

Conclusions

The aged canine brain shows a 90-96% decrease in hippocampal neurogenesis which could be
a result of a decrease in progenitor cell proliferation or a decrease in new neuron survival. An
antioxidant fortified food and a program of behavioral enrichment may affect the survival of
new neurons in the aged canine brain. Neurogenesis in the aged canine brain is associated with
cognitive performance and our data suggest that new neurons in the dentate gyrus may
participate in modulating cognitive function.
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Figure 1.
DCX and BrdU immunohistochemical staining in the SGZ and GCL of the hippocampus in a

young (A,C) and aged (B,D) Beagle. Only a subset of DCX-positive neurons colabeled with
BrdU (arrow). Scale in A and B is 100 pm and scale in C and D is 20 um. Confocal image
showing colocalization. Scale in E, Fand G is 5 um.
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Figure 2.

Graphs plotting the numbers of (A) BrdU-positive nuclei, (B), DCX-positive new neurons, (C)
double labeled DCX-BrdU-positive neurons, and (D) the proportion of BrdU cells expressing
DCX inyoung, aged and treated-aged canines. Young animals had significantly higher number
of cells and proportions compared to aged animals (p <.05). Only the proportion of BrdU cells
expressing DCX (D) was higher in the treatment groups compared to age-matched controls
even though this did not achieve statistical significance. Control = aged untreated animals;
antox = aged animals receiving the antioxidant fortified food; enriched = aged animals
receiving behavioral enrichment; antenr = aged animals receiving both the antioxidant food
and behavioral enrichment. Errors bars = SEM.

Neurobiol Learn Mem. Author manuscript; available in PMC 2008 September 1.




1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Siwak-Tapp et al. Page 16
A 240 B 240
220 | OA O  control 220 1 O O control
o o Y  antioxidant o O Y¢ antioxidant
g 200 A 0O Yox /\  enriched g 200 - o w w /\ enriched
utJ 4 antox-enriched £ 4 antox-enriched
— 180 A1 w180
© ©
é’ 160 - r=_-,6421 § 160 r=-.502 p=.020
& 140 - =l @ 140 ¥ *
® A © A
= 120 - £ 120 1
£ 100 A £ 100 - A
8 g A
o 807 . % 80 -
%+
60 - 60 -
40 : : , , : 40 . . . . .
0 500 1000 1500 2000 2500 3000 0 100 200 300 400 500 600
DCX Number DCX-BrdU Number
300
C (% O control
250 - o @) % antioxidant
© s /A enriched
§ 200 - < antox-enriched
(2
IS i r=-518
E 150 p=.019
)
© 100
=
£ 50 + %
o A
n
0 - 4+ *
0 500 1000 1500 2000 2500 3000
DCX Number
Figure 3.

Higher numbers of new neurons in the SGZ and GCL of the aged canine hippocampus
correlated with lower error scores on the black-white discrimination reversal learning task (A,

B) and the spatial memory task (C).
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