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Hippocampal neurogenesis persists in adult mammals, but its rate declines dramatically with
age. Evidence indicates that experimentally-reduced levels of neurogenesis (e.g., by irradiation)
in young rats has profound influence on cognition as determined by learning and memory
tests. In the present study we asked whether in middle-aged, 10- to 13-months-old rats, cell
production can be restored toward the level present in young rats. To manipulate neurogenesis
we induced bilateral carotid occlusion with hypotension. This procedure is known to increase
neurogenesis in young rats, presumably in a compensatory manner, but until now, has never
been tested in aging rats. Cell production was measured at 10, 35, and 90 days after ischemia.
The results indicate that neuronal proliferation and differentiation can be transiently restored in
middle-aged rats. Furthermore, the effects are more pronounced in the dorsal as opposed to
ventral hippocampus thus restoring the dorso-ventral gradient seen in younger rats. Our results
support previous findings showing that some of the essential features of the age-dependent
decline in neurogenesis are reversible. Thus, it may be possible to manipulate neurogenesis
and improve learning and memory in old age.
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INTRODUCTION

The functional role of adult neurogenesis in the hippocampal
dentate gyrus remains controversial. Dentate gyrus as a whole is
thought to be strongly related to cognitive decline in old age but
the exact contribution of neurogenesis vs. other forms of plasticity
is uncertain (Small et al., 2004; Burke and Barnes, 2006). There is
convincing evidence that experimentally-induced decline in neu-
rogenesis produces severe impairments in performance on some
but not all memory tasks (Deng et al., 2010). Studies attempting
to correlate natural decline of neurogenesis and memory with age
have been controversial. In one such study, a sub-population of old
(20 months) rats showed cognitive impairment in correlation with
the number of adult-produced new neurons (Drapeau et al., 2003).
Interestingly, old unimpaired rats performed nearly as well as the
young (2 months) rats even though the former had only a frac-
tion of the new neurons in comparison to the young. Other stud-
ies failed to demonstrate a relationship between neurogenesis and
memory performance (Bizon and Gallagher, 2003; Merrill et al.,
2003). Methodological reasons may account for these discrepancies
between studies. For example, it would appear that spatial memory
tasks may not be optimal for testing the influence of neurogenesis
since many studies failed to demonstrate a clear cause-effect rela-
tionship in such tasks (Leuner et al., 2006) while others produced
varied effects on either short-term or long-term memory (Dupret
et al., 2008; Imayoshi et al., 2008; Jessberger et al., 2009). Species
differences should also be considered since neurogenesis varies in
its rate and physiological significance among species (Snyder et al.,
2009a; Johnson et al., 2010).

Emerging evidence indicates that memory tasks involving detec-
tion and processing of context are most sensitive to changes in neu-
rogenesis and should be good indicators of deteriorating memory
performance at old age (Wojtowicz et al., 2008). Thus, a working

hypothesis suggests that aging animals can adapt to low levels of
neurogenesis, but fundamental dependence of memory on new
neurons persists in old age. It is therefore of interest to test whether
rate of neurogenesis can be manipulated in old animals. Studies by
Kempermann et al. (1998, 2002) have shown that neurogenesis in
middle-aged mice is responsive to stimulation by enriched environ-
ment and the increases are correlated with modest improvements in
learning. In addition, other forms of physiological and pathological
stimulation can enhance neurogenesis in aging animals albeit often
to a limited extent (Cameron and McKay, 1999; van Praag et al,,
2005; Hattiangady et al., 2008).

Changes in neurogenesis are also of interest with regard to pos-
sible recovery from ischemic damage. The discovery by Liu et al.
(1998), showing that global ischemia is followed by increase in hip-
pocampal neurogenesis, opened up a possibility that neurogenesis
may be a compensatory, adaptive mechanism that could represent
functional recovery after stroke or injury. Since adult neurogenesis
is often mentioned as an ultimate mechanism of brain repair after
injury (Kokaia and Lindvall, 2003; Lichtenwalner and Parent, 2006)
we explore the extent of post-ischemic neurogenesis in middle-aged
rats that may be representative of the aging, stroke-prone human
population. Injury-triggered neurogenesis has been observed after
global or focal ischemia in a variety of animal models (Sharp et al.,
2002; Lichtenwalner and Parent, 2006). Yagita et al. (2001) reported
increased proliferation, but reduced survival of new neurons fol-
lowing global ischemia in middle-aged Wistar rats in comparison
to youngadults. (Darsalia et al., 2005) claim reduced post-ischemic
neurogenesis in dentate gyrus of 15-months-old Wistar rats but
in parallel with retained enhancement of neurogenesis in the sub-
ventricular zone. Jin et al. (2004) have found blunted neurogenesis
in old (24 months) Fisher 344 rats following a focal ischemia. In
the present study we have used the two vessel occlusion (2VO)
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with hypotension in middle-aged male S-D rats in comparison
to our previous study on young adult (3 months) animals (Kee
etal., 2001).

MATERIALS AND METHODS

ANIMAL GROUPS

Thirty 10-months-old male Sprague-Dawley rats weighing 522 +50 g
were obtained from Harlan (Indianapolis, IN, USA). At 10 months,
Sprague-Dawley rats are considered not yet senescent but rather
“middle-aged”. Previous studies found that the main effects of
age on neurogenesis were evident at this time point (McDonald
and Wojtowicz, 2005). The animals were allowed to acclimatize
for 1 week prior to surgery and divided into the following groups:
10 days sham, 10 day ischemic, 35 day sham, 35 day ischemic (n =6
each), 90 days sham and 90 days ischemic (n = 3 each).

THE 2-VESSEL OCCLUSION WITH HYPOTENSION (2V0)

Cerebral ischemia in rats was produced by our adaptation of the 2VO
method of (Smith et al., 1984) and as described previously (Preston
and Webster, 2004). Ischemia was effected for 12 min by combining
bilateral carotid artery occlusion with hypovolemic hypotension to
minimize compensatory vertebral blood flow. Each rat was anesthe-
tized with sodium pentobarbital (65 mg/kg i.p.), intubated using a
pediatriclaryngoscope, and mechanically ventilated (Harvard rodent
ventilator, Ealing Scientific, St. Laurent PQ) with a 30:70 mixture of
O, and N, delivered at 35-40 breaths/min, 3 ml volume. Tympanic
and colonic temperatures were measured using YSI 511 and 402
thermistor probes (Yellow Springs Instruments, Yellow Springs, OH,
USA) and were maintained close to 37.5 £0.5 (°C) by means of a
circulating water pad under the supine rat. The tail artery was can-
nulated and arterial blood sampled to measure blood gases and pH.
Ventilation rate was adjusted if required to obtain physiologically
normal blood gas parameters (Preston and Webster, 2004). The com-
mon carotid arteries were exposed and freed for placement of vascu-
lar clamps. Arterial pressure was monitored by a polygraph (Biopac
Systems, Galeta, CA, USA) and Statham pressure transducer hooked
by a Y-connection to the tail artery catheter. Pressure was lowered
by withdrawing 7-8 ml of tail artery blood into a 10 ml heparinized
syringe. Both common carotid arteries were then occluded by vas-
cular clamps for 12 min during which time arterial pressure was
maintained between 42—47 mmHg by adjusting the volume of blood
in the syringe. The blood was then returned to the rat, the incisions
closed with sutures, and mechanical ventilation withdrawn. Colonic
temperature monitoring was continued and normothermia main-
tained in a lamp-warmed cage until the rat recovered from anesthesia.
Sham-operated animals underwent an identical procedure, includ-
ing lowering blood pressure to 42—47 mmHg for 12 min, except
that the carotid arteries were not clamped. This group served as a
control to rule out possible factors other than ischemia that might
alter the recovery, such as stress resulting from handling, surgery,
change in blood pressure, and transportation to another laboratory
for immunohistochemical procedures.

Principles of laboratory animal care were followed and animal
care committees at the University of Toronto approved the proce-
dures. The aged rats withstood the 2VO procedure as well as the
young rats did in past studies. There was no excessive mortality
associated with the use of the aging animals.

BrdU ADMINISTRATION

5-Bromo-2-deoxyuridine (BrdU; Sigma, St. Louis, MO, USA) was
dissolved in phosphate-buffered saline (PBS) containing 10 mM
NaOH for a final concentration of 20 mg/ml. The solution was
injected i.p. at the dose of 200 mg/kg of body weight at 9 AM and
again at 9 PM on the seventh day after the surgery (2VO or sham).
Thus, each rat received 400 mg BrdU/kg. This dose was chosen to
allow maximal labeling of cells born over the 24-h period according
to the procedure described by McDonald and Wojtowicz (2005).
A single injection of BrdU is preferred over repeated injections,
since it allows precise birthing of the new cells. Due to the 12-h
separation, approximately equivalent to the duration of the S-phase,
between the injections no cells should be labeled twice.

IMMUNOHISTOCHEMISTRY
Following intracardiac perfusion with PBS and 4% paraformalde-
hyde, the right hippocampus was sectioned into three parts —dorsal,
middle and ventral — and fixed overnight in 4% paraformaldehyde
at 4°C. The left hippocampus was used for preliminary electro-
physiological experiments (not reported here). Serial 30 pm sec-
tions of all segments were cut with a vibratome resulting in a total
of 200250 sections per animal. One in ten sections were sampled
using a systematic random sampling procedure along the whole
dorso-ventral length of the hippocampus. In animals killed at the
90 days time point the sampling frequency was doubled to reach
sufficient sampling accuracy. For all groups of animals the cri-
teria for sampling were those outlined by West et al. (1991) and
recently reviewed by Wojtowicz and Kee (2006). Thus, for BrdU
estimates (the worst case scenario with very few cells to count) in
sham control animals for example, CE among the sections was
generally below 0.10, while the variance (CV)? among the animals
was always > 0.20. Immunohistochemical procedures for detec-
tion of neuronal nucleus (NeuN), doublecortin (DCX), BrdU, and
Calbindin (CaBP) were the same as described previously, using
the same antibodies from the same suppliers (Wang et al., 2005;
Wojtowicz and Kee, 2006). To label for a microglial marker ED1
(CD68) we incubated sections with a primary antibody (mouse,
anti-rat, Chemicon) for 24 h at 4°C at 1:200. Washed and incubated
with a secondary antibody (goat, IgG, 488 nm, Molecular probes)
at 1:200 for 2 hrs at room temperature. A fluorescent marker
FluoroJade B (Chemicon) was used to stain for degenerating neu-
rons as described by Schmued and Hopkins (2000).
Immunopositive cells (DCX and BrdU) were counted in a
defined region of hippocampus. Specifically, cells were counted if
they resided in the subgranular zone (SGZ) of the dentate gyrus
and in granule cell layer (GCL). The SGZ was defined as a two-cell
width wide (approximately 20 pm) region just below the GCL.
All cells within each section were counted, but excluding top and
bottom surfaces of the sections in order to avoid counting cells
that were dissected or damaged. The average number of cells per
section was multiplied by the total number of sections to obtain
total cell numbers per DG. In some cases, where we compare dorsal
vs. ventral regions, we also report average cell densities per section
for each region. Double-labeling (DCX/BrdU and CaBP/BrdU)
was identified using a Leica TCS-SL confocal microscope (Leica
Microsystems (Canada) Inc.; Richmond Hill, ON, Canada) with
a 63x objective lens.
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NeuN AREA MEASUREMENTS AND STATISTICAL ANALYSIS
To measure the NeuN+ areas, six sections from the three repre-
sentative animals in each of the main time groups, i.e., 10, 35, and
90 days were selected. The stained sections were digitized and the
areas covered by DG and CA1 were outlined using a cursor. The
same criteria for threshold detection were used for all 36 sections (9
dorsal 2VO, 9 ventral 2VO, 9 dorsal sham and 9 ventral sham). The
area measurements were obtained using Image J software (Http://
rsb.info.nih.gov/ij/). Mean values of these areas are presented in
Table 1, giving reliable, comparative estimates of the neuronal
populations in CAl and DG of 2VO and sham animals.
Statistical analysis was performed with SigmaStat software. Data
sets from control and 2VO groups were compared using 2-way
ANOVA with time and treatment as the two variables and post-
hoc pairwise comparisons with Holm-Sidak method at P<0.05.In
some cases where only two groups were compared at a single time
point a ¢-test or equivalent non-parametric test were used.

RESULTS

The 2VO procedure has not been applied to middle-aged rats so
we opted to characterize its effects on neuronal survival in the
hippocampus. We used NeuN immunohistochemistry to illustrate
neurons and measured the areas covered by the neuronal profiles
within the CA1 field and the DG (Figures 1A-D).

Asreported previously for young adults, the 2VO ischemia had a
selective effect on neuronal death in dorsal CA1 but spared the DG
(Keeetal.,2001). To support the evidence that loss of NeuN staining
is caused by ischemia we also stained for marker of neuronal degen-
eration FluoroJade B and marker of inflammation, ED1. Both of
these markers showed strong positive staining in CA1, particularly
in the dorsal region, but not in DG (Figures 1E-H).

Table 1 includes detailed measurements of NeuN+ cell layers in
CAland DGat 10, 35,and 90 days, following the ischemia. Only the
CAL1 fields showed significant decrease in the stained areas suggest-
ing loss of neurons. The neuronal loss, as measured by NeuN stain-
ing, was almost complete (99%) in the dorsal CA1 and less severe
(20-50%) in the ventral region. All these results confirm that 2VO
procedure in 1-year-old animals had effects on neuronal survival
and death that were similar to previously observed effects in young
(3-months old) adults (Kee et al., 2001; Wang et al., 2005).

Sham 2VO

FIGURE 1 | Immunohistochemical staining demonstrating effects of
sham (control) and 2VO (ischemia) procedure in dorsal and ventral

regions of the hippocampus. (A-D) Show sections stained with a neuronal
marker NeuN. Note, a severe loss of cells in dorsal CA1 field (arrows) but no
obvious cell loss in DG (A,B). Much lesser effect is seen in ventral CA1 (C,D).
(E,F) Staining with a neuronal degeneration marker Fluorojade B (FJB) shows
clear degeneration in CA1 field in dorsal region. (G,H) Staining with a microglia
marker ED1 shows strong inflammatory response in CA1 and Hilus but not in

DG. Sections in (A-D) are from representative animals within the 35 day
group. Sections in (E-H) are from animals within the 10 day group.

|esioqg |BJIUBA |esioQ

|lesioqQ

Table 1| Summary of NeuN+ area measurements indicating regional changes in hippocampal cell layers at different time points after ischemia.

10 days 35 days 90 days

Area Sham 2V0 %A Sham 2Vo %A Sham 2VOo %A

DG Dorsal 230,000 214,100 7% 213,200 255,600 +20% 230,800 288,800* +25%
+19,920 +4,500 +30,410 +29,830 +24,240 +50,390

DG Ventral 193,100 191,100 -1.4% 178,800 200,300 -12% 200,800 202,700 +1%
+9,840 +27360 +12,290 + 11,870 +19,320 +7410

CM Dorsal 131,200 8,200* -94% 124,500 1,5600* -99% 124,700 8,900* -93%
+20,160 +725 +9,410 +1,120 +7240 +12,950

CM Ventral 56,900 45,600* -20% 83,700 38,600* -54% 68,900 39,800* —42%
+7640 +13,790 +12,760 +5,340 +6,570 +26,900

Mean areas (um?) and standard deviations are shown for each group. *indicates statistically significant difference between sham and 2VO groups. 2 way ANOVA with
n = 3in each group taking total time and treatment as variables. Area measurements (um?) were done using Image J software as detailed in methods.

www.frontiersin.org

August 2010 | Volume 4 | Article 163 | 3



Tanetal.

Adult neurogenesis and aging

To measure new cell production in DG we injected BrdU on
day 7 after the ischemia and perfused animals on days 10, 35, and
90. Day 7 was chosen on the basis of past experiments showing
the peak of post-ischemic cell production at that time point
(Liu et al., 1998; Sharp et al., 2002). The three post-BrdU sur-
vival intervals allow for measurements of net cell proliferation,
neuronal differentiation, maturation and long-term survival. On
the post-ischemic days 10, 35, and 90 the numbers of BrdU+
cells were increased by 240%, 960% and 590%, respectively
(Figure 2, Table 2).

An independent measurement of the total number of cells
expressing a young neuronal marker DCX showed signifi-
cant increases on days 10 and 35 but not on day 90 (Figure 3
and Table 2).

Thus, the post-ischemic increase in neurogenesis was large
but transient. Double-labeling experiments demonstrated
expression pattern of immature neuronal marker (DCX/BrdU)
and mature neuronal marker (CaBP/BrdU) to be similar in con-
trol and ischemic groups (Table 2). Considering large absolute
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FIGURE 2 | Experimental time line and the increases in the BrdU+ cell
numbers at 10, 35 and 90 days. The increases were expressed in terms of
% of the sham control values with standard errors indicated. Increases in the
number of BrdU+ cells were significant at all three time points. The absolute
values are given in Table 2.

numbers of neuronal precursors generated after ischemia this
represents substantial net addition of potential new neurons in
ischemic animals.

To further evaluate functionality of neurogenesis after ischemia
we examined dorso-ventral distribution of the new neuron density.
It has been previously reported that adult neurogenesis in young
animals is most pronounced in the dorsal (or septal) hippocam-
pal region as opposed to the ventral (or caudal) region (Snyder
et al., 2008). In older animals this gradient is diminished (Snyder
et al., 2009b) and there is a corresponding shift in responsiveness
of new neurons to physiological stimuli, such as running, toward
the ventral region (Snyder et al., 2009b). Our results confirm that
there was no dorso-ventral gradient in the density of DCX+ cells
in control, aging animals. The numbers of DCX+ young neurons
in the dorsal third and ventral third of the hippocampus on day 35
were 7.6 = 3.3(SD)/section and 8.6 + 2.2(SD)/section, respectively
(P=0.61, t-test,N.S.). These values were increased to 26.6 + 3(SD)/
section and 13.7 £4.4(SD)/section after ischemia (P = 0.014, t-test)
thus restoring the twofold dorso-ventral difference that is normally
seen in young animals.

DISCUSSION
The present study has been modeled after previous work by Kee et al.
(2001), Wang et al. (2005), but instead of using 3-months-old rats
we opted for 10-months old. At this age adult neurogenesis is much
reduced although the rate of decline varies with rat strain and living
conditions (McDonald and Wojtowicz, 2005; Rao et al., 2006; Epp
et al., 2009). Consequently, the basal numbers of DCX+ cells were
in the 1,200-1,800 range instead of > 6,000 usually seen at 3 months
(Wojtowicz, 2008). These lower levels of neurogenesis may be adap-
tive and old animals can perform at or near the performance levels of
the young ones (Drapeau etal.,2003; Johnson et al.,2010). However,
the critical tests of correlating neurogenesis with memory on tasks
such as the contextual fear conditioning, that are strongly depend-
ent on new neurons (Wojtowicz et al., 2008)are yet to be done. To
establish such correlations one needs to modulate neurogenesis either
further down or up toward the levels of the young animals. Hence,
we asked the question whether the DG in middle-aged animals can
support higher than normal levels of neurogenesis.

Various types of injury in the brain can trigger neurogen-
esis (Cameron and McKay, 1999; Lichtenwalner and Parent,
2006; Shetty et al., 2010). A notable example of such injury is

Table 2 | Summary of immunohistochemical data comparing sham and 2VO animals at 10, 35, 90 days after the surgery. BrdU was injected on day 7 in

all cases.
day 10 day 35 day 90

Marker Sham 2VO0 %A Sham 2VO0 %A Sham 2VO0 %A

n==6 n=5 n=4 n==6 n=3 n=3
BrdU/DG 794 +137 1,945 + 646* 240%7T 246 +57 2,357 +676* 960%7T 141+ 26 832 +122* 590%7T
DCX/DG 1,842 +148 4,762 + 388* 158%7T 1,775+ 116 3,611 +542* 98% T 1,258 + 340 809 +209 36%
%DCX/BrdU 31+8 42+5 35%7T
% CaBP/BrdU 37+5 35+8 5% 26+5 34+5 30%T

Mean areas (um?) and standard deviations are shown for each group. *indicates statistically significant difference between sham and 2VO groups.
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Sham

2VO

FIGURE 3 | Imnmunohistochemical staining illustrating neurogenesis in
control and ischemic rats. (A,B) Single-labeled BrdU+ cells are more
numerous (arrows) within a DG in 2O, ischemic animal at 10 days. (C,D)
Double-labeled neuroblasts show BrdU+ (red) and DCX+ (green) neuroblasts
at 10 days. (E,F) Double-labeled cells show BrdU+ (green) and CaBP+ (red)
neurons at 35 days. Calibration bar = 40 microns in all cases.

experimental ischemia. Although most studies focus on ischemia
as an experimental model of stroke our primary goal was to evalu-
ate the neurogenic response and compare it to responses seen
previously but in much younger rats. In one such study by Kee et al.
(2001) the exact same experimental procedure induced an increase
in neurogenesis by 50-100%. This increase was transient and no
longer significant at 35 days after ischemia even though some of the
cells that were generated immediately after ischemia survived until
day 35 (Wang et al., 2005). The study by Wang et al. (2005) fur-
ther showed that changes in neurogenesis are truly compensatory
since they correlated with electrophysiological changes in synaptic
transmission and plasticity in DG. Elimination of neurogenesis
with irradiation prevented this functional compensation (Wang
et al., 2005).

Several other studies showed that both, focal and global anoxia
can enhance neurogenesis (Lichtenwalner and Parent, 2006) in a
predictable time-dependent manner, but most of the experiments
have been done on relatively young mice and rats. The three stud-

ies (Yagita et al., 2001; Jin et al., 2004; Darsalia et al., 2005) that
used older animals produced varied results warranting further
investigation. Our experiments agree qualitatively with those of
(Yagita et al., 2001) who showed relatively higher post-ischemic
neurogenic response in older animals, but with the use of alterna-
tive ischemia model (four vessel occlusion) and another rat strain
(Wistar). Our study goes further in demonstrating enhanced
neurogenesis on day 35 but not on day 90 after ischemia. This
enhancement appears to be primarily due to increased prolifera-
tion, possibly by type 2 progenitors since it is reflected in the
increase of DCX+ cells (Kempermann et al., 2004). This prolif-
eration persists past day 10 and is responsible for a large overall
increase in cell production on day 35 (see Figure 2). In contrast,
proportional differentiation and consequent expression of DCX
did not differ between control and ischemic animals (Table 2).
Reduced proliferation of neural progenitors is a main character-
istic of aging animals thus the exaggerated response seen after
ischemia appears to be an appropriate compensation (McDonald
and Wojtowicz, 2005).

In support of functional recovery, we also show that the typi-
cal polarization of neurogenesis along the dorso-ventral axis
(Snyder et al., 2008, 2009b) of the hippocampus is significantly
restored after ischemia. The functionality of these two hippoc-
ampal regions is polarized with the dorsal region being special-
ized for spatial activities and the ventral region for anxiety and
odor-related activities (Bannerman et al., 2004; Pentkowski et al.,
2006; Hunsaker et al., 2008). Since new neurons are thought
to play a role in some of these behaviors, the recovery of the
gradient may be an important aspect of the overall restoration
of function.

In summary, our results are in line with previous reports show-
ing that middle-aged animals retain limited ability to generate
additional new neurons in response to physiological and patho-
logical stimulation (Cameron and McKay, 1999; van Praag et al.,
2005; Hattiangady et al., 2008; Rao et al., 2008; Shetty et al., 2010).
Specifically, the results reported here indicate that enhancement
of neurogenesis in middle-aged animals following injury can
be achieved on temporary basis for more than 35 days but less
than 90 days. One can speculate that more sustained effect could
be obtained with additional trophic support. The list of trans-
mitters and growth factors having influence over neurogenesis
is extensive and it is likely that at least some are necessary to
sustain neurogenesis at its normal rate (Drapeau and Abrous,
2008). Perhaps the most practical way to supply these factors
to the ailing brain is by natural means, e.g., by exposing treated
animals to enriched environment and or a training protocol.
Cumulative evidence for enriched environment being beneficial
for functional recovery after stroke is strong however the causal
effect of newly produced neurons for this benefit has not yet been
shown (Nithianantharajah and Hannan, 2006) and will require
further experimentation.
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