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Abstract

The current study assessed neurotrophin protein levels in male and female rat brain tissues at four
different ages ranging from postpuberty to senescence. In both sexes nerve growth factor (NGF)
increased, and brain-derived neurotrophic factor (BDNF) decreased, from 4 to 24 months of age.
Using a slightly older age for the young group, or a slightly younger age for the aged group, had
profound effects on whether age effects were realized. There were no sex differences in the pattern
of change in neurotrophin levels across age, and neurotrophin levels did not correlate with estrogen
levels in females or estrogen or testosterone levels in males. The current findings suggest that
profound changes in neurotrophin protein levels can occur within only a few months time, and that
these changes influence whether age-related neurotrophin alterations are realized.

Survival and functional maintenance of cholinergic neurons are dependent upon neurotrophins,
including nerve growth factor (NGF) and brain-derived neurotrophic factor (BDNF)
(Granholm, 2000; Levi-Montalcini, 1987; Woolf, 1991). Given recent evidence that
neurotrophins are related to cognition in rodents, changes in neurotrophin levels may be a
critical link in the cascade of biological alterations resulting in cognitive deterioration that
occurs in aging and age-related neurodegenerative disorders (Kaisho, Ohta, Miyamato, &
Igarashi, 1999; Mizuno, Yamada, Olariu, Nawa, & Nabeshima, 2000; Sugaya et al., 1998).
Some studies show that patients with Alzheimer’s disease (AD) exhibit alterations in NGF and
BDNF in various brain regions compared to age-matched controls, although such effects are
not consistently reported (see Siegel & Chauhan, 2000, for review). Unfortunately, animal
research has not clarified the direction of age-related neurotrophic alterations, or even whether
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changes do in fact occur. For example, compared to young rodents, aged rodents have exhibited
both decreases (Nishizuka et al., 1991) or no change (Alberch, Perez-Navarro, Arenas, &
Marsal, 1991; Crutcher & Weingartner, 1991; Katoh-Semba, Semba, Takeuchi, & Kato,
1998; Narisawa-Saito & Nawa, 1996; Scott, Liang, Weingartner, & Crutcher, 1994,
Taglialatela, Robinson, Gegg, & Perez-Polo, 1997) in hippocampal NGF. Although strain
differences in age-related neurotrophin changes may account for some of the discrepancy
between rat studies, there are conflicting findings even when comparing studies using the same
rat strain (Larkfors et al., 1988).

Differences in the age of respective young and old groups may account for some variability in
the findings. Showing substantial variability, the age of the “aged” group has ranged from 18
to 33 months in different studies (Narisawa-Saito & Nawa, 1996; Yurek & Turner, 2001). The
age of the young comparison group could also impact the young versus aged comparison, as
underscored by research showing significant alterations in NGF and BDNF concentrations
during early development (Katoh-Semba, 1997; Nishizuka et al., 1991). In some studies the
age of the “young” group was 1 month (Katoh-Semba et al., 1998), 3 to 4 months (Nishizuka
etal., 1991), 3 to 5 months (Bimonte, Nelson, & Granholm, 2002), or 4 to 5 months (Yurek &
Turner, 2001), whereas others collapsed across 2 to 5 months olds (Scott et al., 1994). Thus,
there is no general consensus as to how old “aged” or “ young” rats should be in aging studies.
This leads us to question, how young is young, and how old is old, for neurotrophin changes
to be realized?

Discordant findings between aging studies may also be related to the fact that some studies
used males (e.g., Narisawa-Saito & Nawa, 1996; Yurek & Turner, 2001), whereas others used
females (e.g., Scott et al., 1994). Still others did not specify the sex of subjects (Larkfors et al.,
1988), or used both males and females yet did not include sex in the published analyses (Katoh-
Semba et al., 1998). The importance of sex is highlighted by the reported sex differences in
certain brain regions (e.g., the hippocampus) and biochemical systems (e.g., cholinergic and
neurotrophic) known to degenerate during normal and disease-related aging (see Luine,
Renner, & McEwen, 1986; Nishizuka et al., 1991, for examples). Hence, age-related changes
in neurotrophin levels in males may not be generalizable to the age-related changes that occur
in females.

The current study sought to determine whether the precise age at evaluation influences whether
“age differences” are realized, and whether patterns of neurotrophin levels across the adult
lifespan differ depending on sex. Hence, we assessed neurotrophin protein levels in male and
female rats at several ages ranging from postpuberty to senescence. We focused on brain
regions known to be influenced in their function by neurotrophins and that are affected in age-
related neurodegenerative disorders that result in a profile of memory impairment. Serum
gonadal hormone levels were also evaluated in order to examine whether such changes coincide
and correlate with age-related alterations in growth factors.

Subjects were male and female virgin Fischer 344 rats born and raised at Harlan Laboratories.
The number of subjects in the female and male groups, respectively, were 8 and 9 in the 4-
month group, 8 and 7 in the 7-month group, 7 and 6 in the 20-month group, and 5 and 6 in the
24-month group. After shipment to the Medical University of South Carolina, animals were
pair housed with a like-age and -sex cagemate in an animal facility in a barrier environment,
had exposure to food and water ad libitum, and were maintained on a 12-h light/dark cycle.
Male and female rats were housed in the same room. All rats were sacrificed and brains were
dissected during the same dissection session. Sacrifice was performed by one experimenter,
and brain dissections by another experimenter who was blind to the age and sex of the animal.

Exp Aging Res. Author manuscript; available in PMC 2009 June 8.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bimonte-Nelson et al.

Page 3

Animals were anesthetized and their brains rapidly removed and dissected. From the right
hemisphere, the frontal cortex, entorhinal cortex, CA1/CAZ2 region of the hippocampus, and
striatum were dissected and placed in pre-weighed microcentrifuge tubes in a —70° freezer
until analysis. For each brain the frontal cortex was taken first from the dorsal aspect of the
intact brain. Next, the brain was cut in the coronal plane using a razor blade to obtain access
to each of the other three brain regions. For the frontal cortex, the most medial 1.5 to 2mm
portion of the frontal cortex was dissected; for the CA1/CAZ2 region of the hippocampus, the
dentate gyrus and the alveus were excluded; for the entorhinal cortex, the tissue was dissected
from the same slice as the hippocampal sample, taking a 2- to 3-mm sample ventral to the
hippocampus; and for the striatum, the dorsorostral striatum was dissected using corpus
callosum as the dorsal and lateral border, and the anterior commissure as the ventral and caudal
(crossing) border.

NGF and BDNF levels were assessed in each region using a commercially available assay kit
from Promega. In brief, flat-bottom plates were coated with the corresponding capture
antibody. The captured neurotrophin was bound by a second specific antibody, which was
detected using a species-specific antibody conjugated to horseradish peroxidase. All unbound
conjugates were removed by subsequent wash steps according to the standard Promega
protocol. After incubation with chromagenic substrate, color change was measured in an
enzyme-linked immunosorbent assay (ELISA) plate reader (Molecular Devices) at 450 nm.
Using the Promega kits, NGF and BDNF can be quantified in the range of 7.8 to 500 pg/ml.
For each assay kit, cross-reactivity with other trophic proteins is <2% to 3%.

At the time of brain dissection, trunk blood was obtained in order to ascertain circulating
gonadal hormone levels. Testosterone concentrations in rat serum were measured in our
laboratory, in duplicate, using commercially available ELISA Kits (testosterone: DSL-10-4000;
Diagnostic Systems Laboratories, Webster, TX). The assay procedure described in the enclosed
protocol was followed. Estradiol hormone assays were performed by the Core Endocrinology
Laboratory at Pennsylvania State University College of Medicine. Estradiol was determined
in serum by radioimmunoassay following extraction with diethyl ether. Serum (2.4 ml) were
extracted and the ether portion collected and evaporated. The sample was reconstituted in assay
buffer and a competitive radioimmunoassay was performed using 12°I estradiol with high
specific activity and a highly specific antibody. Separation of bound from free estrogen was
achieved with activated charcoal and the data reduction was performed with the use of a 5-
point standard curve and purified estradiol standards. The functional sensitivity of the assay
was 5 pg/ml.

The experiment was designed such that we could analyze the data in a factorial analysis of
variance (ANOVA). This type of experimental design and analysis is especially useful when
the interaction between groups is of particular interest. To assess changes in NGF and BDNF
from one age to the next, consecutive ages were analyzed with age and sex as between factors.
One of the main objectives of this study was to determine whether age-related changes in NGF
and BDNF vary as a function of sex. Hence, although we evaluated the Sex x Age interaction,
which was representative of sex differences in change across time, these effects were not
significant so they are not described in Results. Thus, we report the main effect of age to
represent changes from one age to the next, collapsed across sex. Because an additional interest
was in sex differences at specific developmental time points, mean differences between the
sexes were assessed and described at each age via t tests. Pearson r correlations were used to
evaluate relationships between neurotrophins and gonadal hormone levels.
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RESULTS

Table 1 shows all significant and marginally significant Age main effects for NGF and BDNF
in each brain region. Figure 1 schematically represents mean = SE NGF and BDNF levels for
males and females for all evaluated brain regions at each age.

Change in Neurotrophin Levels with Age

We found that hippocampal NGF levels increased from 4 to 7 months (age main effect: F(1,
27) = 4.21; p = .05), whereas levels did not change from 7 to 20, or 20 to 24, months of age.
In contrast, hippocampal BDNF decreased from 4 to 7 months of age (age main effect: F(1,
28) = 10.37; p <.0050 and did not significantly change from 7 to 20, or 20 to 24, months of
age.

NGF levels in the frontal cortex did not significantly change from 4 to 7, 7 to 20, or 20 to 24
months of age. Frontal cortex BDNF did not change from 4 to 7, or 7 to 20, months of age, but
decreased from 20 to 24 months (F(1, 20) = 6.98; p < .05), with levels reaching their lowest
point at 24 months.

The pattern of change across age for entorhinal cortex NGF and BDNF were in opposite
directions. Indeed, entorhinal cortex NGF increased from 4 to 7 months (F(1, 28) =4.65; p <.
05), did not significantly change from 7 to 20 months, and marginally increased from 20 to 24
months (F(1, 20) = 3.17; p = .09). Conversely, BDNF levels in entorhinal cortex decreased
from 4 to 7 months (F(1, 28) = 6.88; p < .05), increased from 7 to 20 months (F(1, 24) = 11.83;
p < .005), and decreased from 20 to 24 months (F(1, 20) = 5.73; p < .05).

Striatal NGF levels increased from 4 to 7 months of age (F(1, 28) = 5.41; p <.05), and did not
change from 7 to 20, or 20 to 24, months of age. Although BDNF levels in striatum did not
significantly change from 4 to 7, or 20 to 24, months of age, they decreased from 20 to 24
months (F(1, 18) = 7.16; p < .05).

Specific Age Comparisons of Neurotrophin Levels

Many studies compare one group of young subjects to one group of aged subjects to evaluate
“age differences” in neurotrophin levels. To assess whether the specific age of the young or
aged group influences the magnitude of the age effect, we compared the different ages.

4 versus 24 months—The most profound age differences were seen in the comparison of
4-versus 24-month-old animals; the most extreme ages evaluated. Indeed, all but one evaluation
showed significant or marginal age effects. Aged rats exhibited higher NGF levels in the
hippocampus (F(1, 24) = 7.37; p < .05), frontal cortex (F(1, 24) = 3.23; p = .09), entorhinal
cortex (F(1, 24) = 9.25; p <.01), and striatum (F(1, 24) = 10.05; p < .005). In contrast, aged
rats showed lower levels of BDNF in the hippocampus (F(1, 24) = 5.12; p < .05), frontal cortex
(F(1, 24) = 10.15; p < .005), and striatum (F(1, 22) = 8.01; p < .01).

4 versus 20 months—When “age differences” were analyzed by comparing rats at 4 versus
20 months of age, the effects were not as prominent as the comparison of 4-versus 24-month-
old rats. NGF values were higher in 20-versus 4-month-olds in striatum (F(1, 26) =6.39; p <.
05), and somewhat higher in entorhinal cortex (F(1, 26) = 4.15; p = .05) and hippocampus (F
(1, 25) = 3.13; p = .09). Although 4-month-old rats showed significantly higher BDNF levels
in several regions as compared to 24-month-old rats, 4-month-old rats did not differ from 20-
month-old rats for BDNF in any region (all p values > .15). This underscores the important
changes that occur in BDNF levels from 20 to 24 months of age.
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7 versus 24 months—Regarding the profound age effects noted in growth factors between
4- and 24-month-old animals (see Table 1), the majority of these comparisons were rendered
null or marginal when 7-month-old animals were used as the young comparison group. Indeed,
age effects for entorhinal cortex and hippocampal NGF were null when using 7-instead of 4-
month-olds for the young group. Yet, compared to the 7-month-olds, the 24-month-old group
did have significantly higher NGF levels in striatum (F(1, 22) = 4.66; p <.05), and marginally
higher NGF levels in frontal cortex (F(1, 22) = 4.09; p = .06).

Compared to the 7-month-old group, BDNF levels were marginally lower in the 24-month-old
group in the striatum (F(1,21) = 3.93; p = .06); whereas there were no differences in the
hippocampus, frontal cortex, or entorhinal cortex. It is noteworthy that the large age effects
seen in both hippocampal NGF and BDNF when comparing 4-versus 24-month-old rats were
no longer significant when using the 7-month-old animals as the comparison young group.

Sex Differences in Neurotrophin Levels at Discrete Time Points

Age-Related

To evaluate sex differences in neurotrophins at different developmental timepoints, we
compared mean neurotrophin values at each age. Compared to females, males had lower BDNF
levels in the striatum at 7 months (F(1, 13) =5.79; p <.05) and in the hippocampus at 20 months
(F(1, 11) = 4.95; p < .05) of age. Males also had higher NGF levels in the striatum at 4 months
of age (F(1, 15) = 9.84; p < .01).

Changes in Gonadal Hormones

We wanted to evaluate whether age-related changes in growth factor levels correspond to age-
related changes in gonadal hormone levels. Thus, we also evaluated serum levels of estradiol
in female rats, and serum levels of estradiol and testosterone in male rats. Figure 2 shows mean
+ SE levels of gonadal hormones in male and female rats at 4, 7, 20, and 24 months of age.
There was a systematic increase in estradiol levels from 4 to 24 months of age in male rats.
This resulted in a marginal increase by 20 months (t(11) = 2.09; p = .06), and a significant
increase by 24 months (t(12) = 3.38; p <.01), as compared to 4-month-old male rats. In contrast,
there was no change in estradiol levels in female rats across age. Sex difference analyses
revealed that estradiol levels were higher in females versus males at 4 months (t(14) = 3.30; p
<.01) and 7 months (t(13) = 5.50; p <.0005), but not at 20 and 24 months, of age. In male rats
there was a substantial increase in testosterone from 4 to 7 months (t(13) =4.35; p <.001), and
a decrease from 7 to 20 months (t(11) = 3.75; p < .005). Testosterone levels remained stable
from 20 to 24 months of age.

Pearson r correlations were used to evaluate relationships between neurotrophin and gonadal
hormone levels. Because there were significant age differences for hormones and growth
factors, each age group within each sex was analyzed separately to prevent false significant
correlations due to main effects of age. There were no significant correlations between
neurotrophins and testosterone or estradiol in males, or neurotrophins and estradiol in females,
at any age.

DISCUSSION

The most important finding in this study is that significant age effects depended on the specific
age of the young and aged groups. It appears that even a few months of age can make a large
difference in whether “aging effects” are observed for neurotrophin protein levels. For
example, 24-month-old rats exhibited significantly more NGF and less BDNF protein in three
brain regions as compared to 4-month-old rats. Yet, when we compared 24- to 7-month-old
rats, just 3 months older than the youngest group examined, only one brain region showed a
significant age effect for NGF, and no regions showed a significant age effect for BDNF.
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Similarly, 4 months in older rats (from 20 to 24 months of age) also makes a significant impact
on the observation of age effects in neurotrophin levels. When 20-month-old rats were
compared to 4-month-old rats, only one brain region for NGF and no regions for BDNF
remained significantly different between “young” and “aged” rats. These findings likely
explain why we did not find significant age-related changes in NGF and BDNF protein levels
in previous work (Bimonte et al., 2002). Indeed, in that study we utilized female Fisher-344
rats that were 3 to 5 months of age for the young group, and 21 to 23 months of age for the
aged group. In accordance with the current findings, we have also reported a significant
elevation of hippocampal NGF protein levels in cognitively impaired male Fisher 344 rats at
a later age, 24 to 25 months (Albeck et al., 1988). The results from the current study might also
partially explain the wide variety of findings in studies evaluating “age alterations” in
neurotrophins from different research groups that utilize different ages for the young versus
aged groups (see the introductory section). In the current study, the exact age of the animals
at the time of evaluation clearly affected the magnitude, and in some cases even the realization
of, the age effect. Sex did not affect the pattern of change in neurotrophin protein levels with
age, and estrogen levels in females and estrogen or testosterone levels in males did not correlate
with neurotrophin protein levels at any age for any brain region.

In accordance with our observed age-associated increase in NGF protein levels in entorhinal
and frontal cortex, others have shown an increase in frontal cortex NGF from 3 to 24 months
in Sprague-Dawley rats (Hellweg et al., 1990). Still, many studies report a lack of change in
neocortical NGF protein in Fischer 344 rats from 6 to 28 months of age (Larkfors et al.,
1988), in Sprague-Dawley rats from 6 to 24 (Larkfors et al., 1988) or 6 to 36 (Alberch et al.,
1991) months of age, nor in Fischer 344/Brown Norway F1 hybrid male rats from 3 to 30
months of age (Taglialatela et al., 1997). However, in many studies examining growth factors
in neocortex, the particular cortical region (e.g., frontal, parietal, entorhinal) was not described.
The specific neocortical region appears to be important when evaluating growth factor changes
with age. The herein study found that there was a marginal increase from 4 to 24 months in
frontal cortex for NGF, whereas there was a significant increase from 4 to 24 months for
entorhinal cortex. We also showed a significant decrease from 4 to 24 months in frontal cortex
for BDNF, but in contrast, no change for this same age comparison for entorhinal cortex. Hence,
we report different age-related changes in growth factors depending on the specific cortical
region. Within this framework, descriptive information including detail of the cortical region
examined will be useful to aid in generalizability across studies.

We found changes in neurotrophin protein levels from 4 to 7 months of age for both
neurotrophins examined. In the hippocampus, NGF marginally increased, and BDNF
significantly decreased, from 4 to 7 months of age. For the entorhinal cortex, the pattern was
similar, with NGF significantly increasing and BDNF significantly decreasing from 4 to 7
months of age. In contrast, there were no significant changes in frontal cortex and striatum for
either neurotrophin. The large increase in serum testosterone levels that we observed from 4
to 7 months of age in males may be relevant to the observed neurotrophin changes in the male
rats. It may also be of relevance that the number of neurons in some regions of the hippocampal
formation substantially increase through at least 365 days of age (Bayer, Yackel, & Puri,
1982). Because there is increasing evidence that neurotrophins can induce formation and/or
promote maturation of excitatory and inhibitory synapses in the hippocampus, it follows that
neurotrophins may be involved in development or maturation of the hippocampus and
intimately related areas such as the entorhinal cortex (Vicario-Abejon, Collin, McKay, & Segal,
1998; Yamada et al., 2002).

Finally, we find it noteworthy that in several brain regions evaluated in our study, BDNF protein
levels were lower, and NGF protein levels were higher, in 24- versus 4-month-old male and
female rats. This is especially interesting considering that many studies examining the brains
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of AD patients show a similar profile, with BDNF decreased and NGF increased in the
hippocampus and specific neocortical regions (for review see Murer, Yan, & Raisman-Vozari,
2001, or Siegal & Chauhan, 2000).
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Figure 1.

Mean + SE NGF and BDNF protein levels (pg/mg) in the hippocampus, frontal cortex,
entorhinal cortex, and striatum for 4-, 7-, 20-, and 24-month-old male and female Fisher 344
rats. *p < .05, representing the sex difference at that particular developmental time point. See
Table 1 for statistical values of the particular age comparisons.
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Figure 2.

At the time of brain dissection, blood serum was collected to measure circulating gonadal
hormone levels in 4-, 7-, 20-, and 24-month-old male and female rats (represented as mean +
SE). Estradiol was evaluated in both males and females, whereas testosterone was evaluated
only in males. Estradiol levels increased with age in males, whereas no significant changes
occurred in females. Testosterone increased from 4 to 7 months and decreased between 7 and
20 months in males. Correlation analyses showed that gonodal hormone levels did not correlate
with neurotrophin protein levels for any group of animals.
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