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Abstract

Brain-derived neurotrophic factor (BDNF) and its receptor tyrosine kinase B (trkB) influence neuronal survival, differentiation, syn-
aptogenesis, and maintenance. Using in situ hybridization we examined the spatial and temporal expression of mRNAs encoding these
proteins during diverse stages of life in the human hippocampus and inferior temporal cortex. We examined six postnatal time points:
neonatal (1–3 months), infant (4–12 months), adolescent (14–18 years), young adult (20–24 years), adult (34–43 years), and aged (68–86
years). Within the hippocampus, levels of BDNF mRNA did not change significantly with age. However, levels of both the full-length
form of trkB (trkBTK+) mRNA and the truncated form of trkB (trkBTK�) decreased over the life span (p < 0.05). In the temporal cortex,
BDNF and trkBTK+ mRNA levels were highest in neonates and decreased with age (r = �0.4 and r = �0.7, respectively, both p < 0.05).
In contrast, TrkBTK� mRNA levels remained constant across the life span in the temporal cortex. The peak in both BDNF and trkBTK+

mRNA expression in the neonate temporal cortex differs from that previously described for the frontal cortex where both mRNAs peak
in expression during young adulthood. The increase in BDNF and trkBTK+ mRNA in the temporal cortex of the neonate suggests that
neurotrophin signaling is important in the early development of the temporal cortex. In addition, since BDNF and both forms of its high
affinity receptor are expressed throughout the development, maturation, and aging of the human hippocampus and surrounding neocor-
tex they are likely to play roles not only in early growth but also in maintenance of neurons throughout life.
� 2006 Elsevier B.V. All rights reserved.
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1. Results and discussion

Brain-derived neurotrophic factor (BDNF) is a member
of the neurotrophin family of growth factors which binds
with high affinity to the trkB tyrosine kinase receptor. TrkB
exists in a full-length form (trkBTK+) containing a catalytic
tyrosine kinase domain, and in a truncated form (trkBTK�).
Both BDNF and trkB mRNA and protein are widely distrib-
uted in the central nervous system, and are highly expressed
in the mammalian hippocampus and cerebral cortex (Hofer
et al., 1990; Ernfors et al., 1990a,b; Wetmore et al., 1990;
1567-133X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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Phillips et al., 1990; Huntly et al., 1992; Hayashi et al.,
2000; Romanczyk et al., 2002; Weickert et al., 2003; Silhol
et al., 2005). In addition to promoting the survival of neurons
(Gosh et al., 1994; Lindholm et al., 1996; Lowenstein and
Arsenault, 1996), BDNF appears to mediate activity-depen-
dent synaptic plasticity, even in the mature nervous system
(Kang and Shuman, 1995; Korte et al., 1995, 1996; Patterson
et al., 1996; McAllister et al., 1999) and can enhance synaptic
efficacy (Levine et al., 1995; Messaoudi et al., 1998). BDNF
expression is increased in the hippocampus during learning-
related events and by long-term potentiation (LTP), the most
widely used paradigm to study events underlying neuronal
plasticity (Korte et al., 1995, 1996; Ma et al., 1998; Koval-
chuk et al., 2002). BDNF expression is induced in the rat hip-
pocampus during contextual learning (Hall et al., 2000) and
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in the primate temporal cortex during declarative memory
formation (Tokuyama et al., 2000).

In contrast, mice lacking the BDNF gene show abnor-
mal LTP (Korte et al., 1995) and forebrain-restricted
BDNF mutant mice show learning deficits (Gorski et al.,
2003), as do mice lacking the trkB receptor (Minichiello
et al., 1999). Moreover, a decrease in BDNF expression
occurs in the hippocampus during aging (Hayashi et al.,
1997; Murer et al., 2001) and in Alzheimer’s disease
(Phillips et al., 1991; Murray et al., 1994; Connor et al.,
1997; Connor and Dragunow, 1998; Ferrer et al., 1999).
BDNF has also been implicated in the neurobiology of
schizophrenia (Weickert et al., 2003; Hashimoto et al.,
2005), bipolar disorder (Nakata et al., 2003), and depres-
sion (Duman et al., 1999; Chen et al., 2001; Shirayama
et al., 2002; Molnar et al., 2003).

Given the integral role of BDNF and trkB in the normal
development and plasticity of the brain, in specific learning
and memory processes, and in aging and neurobiological
disorders, it is imperative that we understand the normal
distribution and temporal profile of BDNF and trkB
expression in the human brain. Previous studies in rat
and primate hippocampus found higher levels of BDNF
and trkB expression early in the postnatal period and then
relatively stable levels throughout life (Friedman et al.,
1991; Lapchak et al., 1993; Ringstedt et al., 1993; Freyer
et al., 1996; Hayashi et al., 1999; Silhol et al., 2005). In con-
trast, in the human prefrontal cortex both BDNF (Webster
et al., 2002b) and trkBTK+ (Romanczyk et al., 2002)
mRNA levels peak in expression during young adulthood,
coincident with the structural and functional maturation of
the frontal cortex. The human hippocampus and medial
temporal cortex may mature earlier than the frontal cortex,
and so BDNF and trkB mRNA expression may show a dis-
tinct developmental profile in these brain regions. Under-
standing the normal profile of BDNF and trkB
expression in the hippocampus and temporal cortex may
further our understanding of how this system is implicated
in the etiology and neuropathology of various neurobio-
logical disorders.

1.1. Anatomical distribution of BDNF and trkB mRNA

transcripts

BDNF mRNA hybridization signal was evident
throughout the gray matter of the hippocampal formation
and temporal cortex (Fig. 1). The autoradiographic films
showed a robust signal over the granule cells of the dentate
gyrus (arrow, Fig. 1A). Inspection of the dipped sections
revealed that the majority of granule cells were labeled,
as were almost all the pyramidal cells of the CA subfields.
In BA20, BDNF mRNA hybridization was also apparent
over the majority of pyramidal neurons with a slight
increase in intensity of signal over the middle and deep lay-
ers as previously described in the frontal cortex (Weickert
et al., 2003). In the younger age groups there was also a
slight increase in intensity over layer II.
The trkBTK+ mRNA signal was more intense over the
neurons of the CA subfields than over the dentate granule
cells of the hippocampus (arrow Fig. 1D). In BA20, the
trkBTK+ mRNA signal was highest in layers II and IV.
Inspection of dipped sections revealed that trkBTK+

mRNA silver grains were located over both pyramidal
and non-pyramidal neurons as previously described in the
frontal cortex (Romanczyk et al., 2002). In contrast,
trkBTK� mRNA was homogeneously distributed over the
gray and white matter of the hippocampal formation and
BA20 and was expressed at relatively lower levels than
BDNF or trkBTK+ mRNA. No laminar pattern was appar-
ent in the cortex. Inspection of dipped sections demonstrat-
ed silver grains over small darkly stained glial cells in all
cortical layers and in the white matter as previously
described in the frontal cortex (Romanczyk et al., 2002).
However, not every glial cell profile appeared to be labeled.

1.2. Quantitative age-related differences in the hippocampus

ANOVAs to determine the effect of age on BDNF
mRNA density in each individual subregion of the hippo-
campus revealed no significant effect of age in any of the
regions (Fig. 2A). Nevertheless, in the dentate gyrus there
is a 29% increase in BDNF mRNA density between the
neonate and adolescent group and then a 29% decrease
in density between the adolescent group and the adults.
Thus, while not statistically significant the highest mean
value for BDNF mRNA expression in the dentate occurs
during the adolescent–young adult period. BDNF mRNA
levels appear to be expressed at constant levels in the other
hippocampal regions at the time points examined.

TrkBTK+ mRNA density tended to decrease with
advancing age across the subregions of the hippocampus,
particularly in the dentate gyrus, CA1, and subiculum
(Fig. 2B). ANOVAs to determine if trkBTK+ mRNA den-
sity varied according to age group in the hippocampal sub-
regions did not reveal any significant effect of age, however,
a correlation analysis revealed that in the dentate gyrus,
there was a significant correlation between trkBTK+

mRNA density and age from the infant to aged groups
(r = �0.39; p = 0.045) with a 37% reduction in density
from infancy to aged. In the subiculum, trkBTK+ mRNA
density correlated with age from the neonatal to the aged
group (r = �0.44; p = 0.01).

TrkBTK� mRNA levels also decreased across the life
span in the hippocampus. ANOVAs to determine if
trkBTK� mRNA density varied according to age group
revealed a significant effect of age group in CA3 (F = 2.6;
df = 5,25; p = 0.05) and in subiculum (F = 3.4; df = 5,26;
p = 0.02, Fig. 2C). Post hoc least significant differences
(LSD) tests revealed that in CA3 the trkBTK� mRNA level
in the adult group was significantly lower than in the infant
(p = 0.04) and adolescent groups (p = 0.03) and the aged
group was significantly lower than in infants (p = 0.02),
adolescents (p = 0.01) and young adults (p = 0.03). In the
subiculum, the adult group was significantly lower than



Fig. 1. Autoradiographs of BDNF (A, B, and C), TrkTK+ (D, E, and F) and TrkTK� (G, H, and I) mRNA hybridization in the hippocampal formation
from representative cases (neonates A, D, and G; young adults B, E, and H; aged C, F, and I). Arrow in (A) indicates BDNF mRNA signal in the dentate
gyrus granule cells. Arrows in (D) indicate TrkTK+ mRNA signal in CA4 and CA3. The line, perpendicular to the pial surface in (A), represents the
approximate location of the measurements taken across the inferior temporal cortex.
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the neonate (p = 0.004), adolescent (p = 0.03), and young
adult (p = 0.04) groups and the aged group was significant-
ly lower than the neonate (p = 0.005) and adolescent
(p = 0.03) groups. Thus, trkBTK� mRNA levels appear to
be highest in the neonates and decline over time to lowest
levels in the aged group. Indeed, correlation analysis
showed a statistically significant negative correlation
between age and trkBTK� mRNA levels in CA4
(r = �0.45; p = 0.009), CA3 (r = �0.477; p = 0.007), and
subiculum (r = �0.39; p = 0.03) across all age groups and
a trend toward statistical significance in the dentate gyrus
(r = �0.34; p = 0.057).

1.3. Quantitative age-related differences in the temporal

cortex

Fig. 3A shows the profile of mean BDNF mRNA densi-
ty for the five age groups as a function of cortical width.
The BDNF mRNA levels were higher in the neonatal
group and showed a decrease of 33% between the neonate
and adult groups. A correlation analysis across all ages
showed a significant negative effect of increasing age on
BDNF mRNA levels (r = �0.397; p = 0.02). Thus, BDNF
mRNA levels appear to gradually decline over the postna-
tal period. However, an ANOVA with BDNF mRNA
AUC data comparing the full cortical width of temporal
cortex across age groups was not significant (F = 1.94;
df = 5,27; p = 0.12).

In order to determine if BDNF mRNA levels differed in
any particular cortical layer as a function of age, six sepa-
rate one-way ANOVAs were conducted, one for each cor-
tical layer using age group as an independent between
group factor and BDNF density as the dependent variable.
There was a significant effect of age in layer III only
(F = 2.6; df = 5,27; p = 0.047). Post hoc LSD testing
revealed that in layer III the neonates expressed more
BDNF mRNA than the adolescent, adult, and aged groups
(p < 0.04, 0.006, and 0.004, respectively).

TrkBTK+ mRNA density was also highest in the neona-
tal group (Fig. 3B). The profile plot of mean trkBTK+

mRNA density for the five age groups as a function of cor-
tical width shows elevated levels occurring early in life in
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Fig. 2. Graphs demonstrating mean (A) BDNF mRNA, (B) TrkBTK+

mRNA, and (C) TrkBTK� mRNA (lCi/g) in the hippocampal subfields,
for the six age groups.
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Fig. 3. Profiles showing the mean (A) BDNF mRNA and (B) TrkBTK+

mRNA levels (lCi/g) for the six age groups across the width of the
temporal cortex and (C) a graph summarizing the mean TrkBTK� mRNA
(lCi/g) of the temporal cortex for the six age groups.
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layers II and IV. ANOVA with AUC data revealed a
significant effect of age group (F = 7.9; df = 5,26;
p < 0.0001). Post hoc LSD tests demonstrated that the neo-
nate group has significantly higher trkBTK+ mRNA levels
as compared to all other groups (p < 0.01) while the aged
group has significantly lower levels as compared to all
other groups (p < 0.02). A correlation analysis across all
subjects showed a very significant relationship between
age and cortical trkBTK+ mRNA levels (r = �0.68;
p < 0.0001) indicating that as humans age, less full-length
trkB mRNA is expressed in the temporal cortex. In order
to determine in which cortical layers trkBTK+ mRNA dif-
fered as a function of age, six separate one-way ANOVAs
were conducted. There was a significant effect of age in all
layers except layer I. Post hoc LSD testing revealed that in
layers II and IV the neonate and infant groups expressed
significantly more trkBTK+ than in all other groups
(p < 0.002). In addition, the adolescent and young adult
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groups expressed significantly more than the aged group
(p < 0.02). In layer III, the neonatal group expressed more
than all other groups (p < 0.007) and the aged group
expressed significantly less than all groups (p < 0.04) except
the adults. In layer V, the neonate group expressed signif-
icantly more trkBTK+ mRNA than all other groups
(p < 0.02) except the infants, and the aged group expressed
significantly less than the infant, neonate, and adolescent
groups (p < 0.005). In layer VIA, the neonates and adoles-
cents expressed significantly more than the aged group
(p < 0.04) and in layer VIB the adults expressed more than
all groups except the adolescents (p < 0.02).

In contrast to the decrease in trkBTK+ mRNA levels
occurring across the human lifespan in the temporal cortex,
trkBTK� mRNA appears to be expressed at constant levels
across the ages examined. ANOVA comparing the mean
trkBTK� mRNA levels for the five age groups revealed
no significant differences (F = 0.8; df = 5,27; p = 0.5;
Fig. 3C) and there was no correlation between age and cor-
tical trkBTK� mRNA levels (r = �0.23).

1.4. Effect of descriptive variables

The postmortem pH values ranged from 5.62 to 6.76.
The six age groups did not differ significantly in pH levels
(F = 0.37, df = 5,28, p = 0.87). The PMI values ranged
from 13.5 to 66.5 h. The PMIs for the age groups also
did not differ significantly (F = 1.22, df = 5,28, p = 0.32).

In the hippocampus, BDNF mRNA was significantly
positively correlated with PMI in CA1 and also with pH
in CA3. TrkBTK+ mRNA was negatively correlated with
PMI in CA4 and positively correlated with pH in dentate,
CA4, CA3, and subiculum. TrkBTK� mRNA was positive-
ly correlated with pH in dentate, CA4, and CA3.

In the temporal cortex there were no significant correla-
tions between BDNF mRNA levels and PMI or pH.
TrkBTK+ mRNA was negatively correlated with PMI in
layer VI and positively correlated with pH in layers II–
VI. TrkBTK� mRNA levels were also negatively correlated
with PMI in the cortex. ANCOVA with PMI and pH as a
covariate did not alter the statistical significance in any of
the regions for BDNF or either trkB transcript.

There was no effect of gender on BDNF or trkB mRNA
levels in the neonates or infants (the only groups with both
males and females). There was no effect of hemisphere on
BDNF or trkB mRNA levels.

1.5. Conclusion

In the hippocampus, levels of BDNF mRNA did not
change significantly with age. However, levels of the
full-length form of the trkB (trkBTK+) receptor and the
truncated form (trkBTK�) decreased over the life span. In
the temporal cortex, levels of BDNF and the full-length
trkB receptor were highest in the neonates and decreased
with age while trkBTK� mRNA remain constant across
the life span. This is in contrast to cyclophilin mRNA, used
as a control, which shows slight variation across develop-
ment in the hippocampus but does not change in the sur-
rounding temporal cortex (Law et al., 2003a,b). The
developmental changes that we detect in the different forms
of the trkB transcripts may be due to unequal degradation
rates of a particular transcript due to individual variations
in postmortem interval, agonal events surrounding death
or experimental variation. However, we find that the same
neurotrophin or neurotrophin receptor transcript is
expressed at different levels in different brain regions of
the same individuals, on the same tissue slice, depending
on developmental age. This argues against variations in
transcript-specific degradation rates as a primary determi-
nate of neurotrophin or neurotrophin receptor mRNA lev-
els as one would expect the unequal degradation rates to
influence the different brain regions equally. It is also pos-
sible that uncontrolled pre-mortem factors that are known
to influence BDNF mRNA levels, like the amount of the
brain stimulation or exercise prior to death, could increase
the variance in BDNF mRNA levels within a particular
group and mask any changes in mRNA expression that
occurs across the life span.

While there may be significant obstacles to the study of
gene expression in human postmortem brain tissue, we
have successfully minimized the potential postmortem var-
iability and confounders in this cohort by collecting all
specimens in a standardized manner from one collection
site and by monitoring the pH of the tissue (Johnston
et al., 1997; Webster et al., 2002a; Li et al., 2004; Altar
et al., 2005). Furthermore, by screening all brain tissue
from all specimens with cyclophilin and actin in situ
hybridization before their inclusion in a cohort, we ensure
that only those specimens meeting all inclusion criteria,
including robust control RNA signal, are included in the
cohort. The cohort studied here has been appropriately
matched for PMI, cause of death (Romanczyk et al.,
2002) and pH, factors that potentially effect gene expres-
sion. Moreover, covarying for PMI and pH, were appro-
priate, did not differentially affect the statistical outcome.
Furthermore, multiple probes have been examined in this
cohort and each mRNA examined shows a distinct devel-
opmental pattern using the same in situ hybridization pro-
tocol on tissue sections from the same or overlapping
populations of cases. Previous studies have examined the
age-related expression of mRNAs for BDNF in frontal
and occipital cortex (Webster et al., 2002b), trkBTK+ and
trkBTK� (Romanczyk et al., 2002), and trkC in the frontal
cortex (Beltaifa et al., 2005), NMDA receptor subunits
NR1 and NR2 in the hippocampus, parahippocampal
and perirhinal cortex (Law et al., 2003a,b), and the gluco-
corticoid receptor in hippocampus, frontal cortex, tempo-
ral cortex, and occipital cortex (Perlman et al., 2006).
These studies all show unique patterns of mRNA expres-
sion across the life span that taken together suggest that
the pattern of results achieved in the current study is not
a function of any systematic variation in tissue quality or
processing, or methodology employed.
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In this study, we show that there is differential expres-
sion of BDNF and trkB mRNA in both the hippocampus
and temporal cortex over the human lifespan. In the hippo-
campus, we find that BDNF mRNA is expressed at rela-
tively constant levels over the human lifespan whereas
trkBTK+ is higher earlier in postnatal life in the dentate
gyrus and subiculum. Previous studies in the hippocampus
of rat and monkey showed an increase in both BDNF and
trkBTK+ very early in the postnatal period (Friedman et al.,
1991; Lapchak et al., 1993; Freyer et al., 1996; Hayashi
et al., 1999) followed by relatively constant levels through
adulthood. The significance of this increased level of
trkBTK+ early in life in the hippocampus is not known,
but the relative temporal conservation of mRNA expres-
sion across species suggests that it may have a unique role
in hippocampal circuitry in the newborn. Recent studies
using exon-specific BDNF mRNA probes have shown that
the developmental regulation of BDNF may be more com-
plex than what can be realized with a pan probe (Sathano-
ori et al., 2004). Since we used a pan BDNF probe
generated from a cDNA fragment containing the common
exon (exon 5) we would not have detected differential
developmental expression of hippocampal BDNF from dif-
ferent promoter usage (Timmusk et al., 1993; Timmusk
and Metis, 1994). Nonetheless, our results showing con-
stant levels of the BDNF exon that codes for the BDNF
protein throughout life suggest that maintaining high levels
of BDNF throughout life may be necessary for hippocam-
pal function.

The relatively constant expression of BDNF mRNA
that we find in the CA subfields of the hippocampus across
the life span may reflect the role of BDNF in synaptic plas-
ticity that is essential for learning and memory throughout
life. BDNF/trkB signaling mediates activity-dependent
synaptic plasticity, even in the mature nervous system
(Kang and Shuman, 1995; Korte et al., 1995, 1996; Patter-
son et al., 1996; McAllister et al., 1999) and is involved in
several processes that may enhance specific learning and
memory processes (Levine et al., 1995; Li et al., 1998;
Messaoudi et al., 1998). BDNF expression is induced in
the hippocampus during learning and memory tasks (Hall
et al., 2000; Mizuno et al., 2000) and mice lacking the
BDNF gene show abnormal long-term potentiation (Korte
et al., 1995). BDNF and trkB forebrain-restricted null
mutant mice both show deficits in hippocampus-dependent
learning tasks (Minichiello et al., 1999; Gorski et al., 2003).
While BDNF and trkB mRNA levels do not appear to
decline during aging in the rat hippocampus (Lapchak
et al., 1993; Freyer et al., 1996; Silhol et al., 2005), there
is evidence that BDNF mRNA levels decrease in the hippo-
campus of the aged monkey (Hayashi et al., 1997). We did
not find a significant decrease in BDNF mRNA levels in
the aged human hippocampus. However, trkBTK+ mRNA
levels did appear to decline in several of the hippocampal
subfields in the aged human hippocampus, most notably
in the subiculum. Thus, although BDNF may be in ade-
quate supply in the aged hippocampus, a decline in the
trkB receptor would nevertheless compromise hippocam-
pal function and may contribute to the decline in congni-
tive function that accompanies normal senescence. BDNF
and TrkB are both reduced in the hippocampus of individ-
uals with Alzheimer’s disease (Phillips et al., 1991; Murray
et al., 1994; Connor et al., 1997; Ferrer et al., 1999),
although it is unclear as to whether the decline is a primary
or secondary pathological event (Connor et al., 1997).

In contrast to BDNF, trkBTK� mRNA levels show a
marked decline with advancing age across most hippocam-
pal subfields. TrkBTK� mRNA signal is detected over glial
cells in the gray matter regions which is consistent with
other reports (Frisen et al., 1993: Rudge et al., 1994; Biffo
et al., 1995; Roback et al., 1995). The trkBTK� receptor on
astrocytes can bind BDNF with high affinity (Biffo et al.,
1995; Freyer et al., 1997; Rubio, 1997), internalize the
BDNF and then the astrocytes can re-excrete the BDNF
(Rubio, 1997). TrkBTK� thereby acts to sequester and/or
redirect the availability of neurotrophins (Biffo et al.,
1995; Rubio, 1997). While it has been shown that hippo-
campal-dependent learning and memory functions decline
with normal aging (Rapp and Gallagher, 1996; Barnes
et al., 1997; Gallagher and Rapp, 1997; Rapp and Amaral,
1992; Rapp et al., 1996), it is apparent that this decline is
not due to a loss of hippocampal neurons (Rapp and
Gallagher, 1996; reviewed by Morrison and Hof, 1997;
Gallagher and Rapp, 1997) but may be due to a decline
in the functional integrity of the cells, e.g., LTP is adversely
affected by the aging process (Barnes, 1979; Barnes and
McNaughton, 1985; deToledo-Morrell et al., 1988). More-
over, it is interesting to note that astrocytes also do not
decline with advancing age but rather increase in number
and reactivity (de Vellis, 2002). The increase in astrocytic
proliferation and reactivity has been interpreted as a conse-
quence of an increasing need for neuronal protection in the
aging brain. Thus, the converse decrease in trkBTK�

mRNA that occurs with advancing age may be a conse-
quence of the decrease in functional integrity of these astro-
cytes and may contribute to a decrease in neuronal
plasticity and to a decline in the maintenance of the hippo-
campal circuitry that underlies learning and memory.

In the temporal cortex BDNF and trkBTK+ mRNA lev-
els are highest during the neonatal period and decline with
advancing age. A similar profile has been described for the
rodent cortex (Ringstedt et al., 1993; Linnarsson et al.,
1997; Katoh-Semba et al., 1998) and for the temporal cor-
tex of the monkey (Hayashi et al., 1997; Ohira et al., 1999).
In contrast, trkBTK� mRNA is expressed at constant levels
throughout the life span of the human temporal cortex.
The lack of change in levels of trkBTK� together with the
decrease in trkBTK+ mRNA suggests that the ratio of
trkBTK� to trkBTK+ may change in the temporal cortex
as individuals age, thus potentially altering the availability
of, and neuronal response to, neurotrophins late in human
life. TrkBTK� in non-neuronal cells inhibits BDNF-in-
duced neurite outgrowth in vitro (Freyer et al., 1997). Con-
sequently, in regions where the ratio of trkBTK� to
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trkBTK+ increases with age, neuronal plasticity is likely to
decrease. The inferior temporal cortex (BA 20) is a visual
association area, possibly homologous to area TE in the
monkey, which is a final stage in the processing of visual
information and is essential for processing of visual mem-
ory (Mishkin et al., 1983; Desimone and Ungerleider,
1989). A decrease in neuronal plasticity within BA20 with
age is likely to have an effect on visual memory processing.

In contrast to the temporal cortex, in the human pre-
frontal cortex, both BDNF (Webster et al., 2002b) and
trkBTK+ (Romanczyk et al., 2002) mRNA levels peak in
expression at a time during young adulthood that is coinci-
dent with the maturation of the frontal cortex, both struc-
turally and functionally. Moreover, in the primary visual
cortex of the rat, BDNF mRNA levels increase dramatical-
ly between birth and opening of the eyes (Bozzi et al., 1995;
Shoups et al., 1995), and altering normal visual experience
will influence levels of BDNF mRNA in the visual cortex
(Castren et al., 1992; Bozzi et al., 1995; Shoups et al.,
1995; Capsoni et al., 1999). It is not surprising then, that
in humans, who are born with their eyes open, the level
of BDNF mRNA in the visual cortex is already high at
birth and does not appear to decline with age (Webster
et al., 2002a,b). Thus, the peak in expression levels of both
BDNF and trkBTK+ mRNA that we find in the temporal
cortex in the neonatal period would suggest that the tempo-
ral cortex matures later than the primary visual cortex but
earlier than the prefrontal cortex. There is evidence to sug-
gest that the association cortices mature later than primary
sensory cortex (Yakovlev and Lecours, 1967; Huttenl-
ocher, 1990, 1994; Sowell et al., 1999), however, there
may also be differential molecular expression across the life
span within the various association areas. Maturation of
the sophisticated cognitive functions of the prefrontal cor-
tex may continue to require modification of the molecular
elements, including neurotrophic expression, into much lat-
er stages of life than in the temporal association cortex.

The profiles for BDNF, trkBTK+ and trkBTK� mRNA
expression are quite unique for each anatomical area that
we have studied so far. The areas include the frontal (Web-
ster et al., 2002b; Romanczyk et al., 2002), and occipital
cortex (Webster et al., 2002b), and now the temporal cortex
and hippocampal subfields. Disrupting these unique
expression patterns at specific time points could interrupt
the normal structural and functional development of an
area and lead to very different disorders, depending on
the timing and area involved.
2. Experimental procedures

2.1. Processing of the tissue

Postmortem samples of the medial temporal lobe were collected by the
Clinical Brain Disorders Branch at NIMH (Bethesda) through the Medi-
cal Examiner’s Office of the District of Columbia, as previously described
(Kleinman et al., 1995). The samples were obtained from 34 subjects rang-
ing in age from 5 weeks to 86 years. The brains were divided into six
groups based on age, and included neonates (1–3 months), infants (4–12
months), adolescents (14–18 years), young adults (20–24 years), adults
(34–43 years), and elderly (68–86 years). Demographic data on age, brain
pH and postmortem interval (PMI) for each subject are listed in Table 1.
The individuals used in this study overlap with the subjects described in
our previous studies (Romanczyk et al., 2002; Webster et al., 2002a,b;
Law et al., 2003a,b).

All subjects were free of neurologic or psychiatric symptoms. Neuro-
pathological examination, including Bielschowsky’s silver stain of multiple
areas, ruled out those cases with gross pathological or microscopic lesions
such as neuritic pathology or vascular disease. Brain pH was measured as
described previously (Johnston et al., 1997; Romanczyk et al., 2002).
Because brain pH is correlated with the expression level of many tran-
scripts (Webster et al., 2002a; Li et al., 2004; Altar et al., 2005) the mean
pH of each age group was matched. RNA integrity was determined for
each case by cyclophilin mRNA in situ hybridization of adjacent sections.
These data, previously published (Law et al., 2003a), indicated that while
less cyclophilin mRNA was found in the neonates as compared to the
other groups, the neonates nevertheless expressed more transcripts of
interest than the other groups (Law et al., 2003a,b). Moreover, normaliz-
ing to the cyclophilin levels did not change the statistical significance of the
results indicating that with this cohort and this technique we have the
power to detect developmental changes in gene expression in this
region.

2.2. Riboprobe design

The complete coding sequence of the human BDNF cDNA (M161176)
(Maisonpierre et al., 1991) in bluescript vector was generously provided by
George D. Yancopoulos at Regeneron Pharmaceuticals Inc. (Tarrytown,
NY). An Apa 1 fragment (511 bp) of this full-length human BDNF cDNA
was subcloned into Bluescript (SK�) vector. The insert corresponded to
base pairs 704–1214 (Accession No. M61176). Antisense riboprobes and
sense strand RNAs were generated from linearized plasmid using either
a T7 or T3 polymerase and an in vitro transcription kit as recommended
by the manufacturer (Promega). 35S antisense and sense riboprobes were
labeled to a specific activity of 1–2 · 109 cpm/lg by addition of radiola-
beled UTP and were purified by ethanol precipitation.

For the trkBTK+ cDNA clone, a 216 base pair template corresponding to
the region containing the 3 0 end of the transmembrane domain ending just 5 0

to the tyrosine kinase domain (base pairs 1753–1969, Accession No.
U12140) was amplified. The 35S antisense and sense riboprobes were labeled
to a specific activity of 2.6 · 109 cpm/lg. The trkBTK� cDNA template was a
431-bp insert corresponding to the region just after the transmembrane
domain, which lacks the kinase domain (base pairs 907–1093, Accession
No. X75958). The forward and reverse primer sequences for amplifying
trkBTK+ or trkBTK� are detailed in Romanczyk et al. (2002). The transcripts
recognized by our BDNF, trkBTK+, and trkBTK� riboprobes were previous-
ly described (Romanczyk et al., 2002; Weickert et al., 2003).

2.3. In situ hybridization histochemistry

Frozen blocks from the medial temporal lobe were sectioned in the
coronal plane at 14 lm thickness, mounted on gelatin subbed slides and
stored at �70 �C. The in situ hybridization histochemistry (ISHH) was
performed according to the protocol of Whitfield et al. (1990), on a total
of six slides/case (two slides/probe). After hybridization and washing
steps, sections were exposed to autoradiographic film (Bio-Max, Kodak)
for 2 weeks (BDNF), 5 days (trkBTK+) or 12 days (trkBTK�). The sections
were then dipped in photographic emulsion (Kodak, NTB2) for 17 weeks
(BDNF), 9 weeks (trkBTK+) or 12 weeks (trkBTK�) and then developed
and lightly counterstained with thionin. All sections for each probe were
assayed together to eliminate interassay variability.

2.4. Image analysis

Calibrated densitometric analysis (NIH Image 1.33) of autoradiograms
was conducted, blind to age, on regions of the hippocampal formation
delineated microscopically from the Nissl-stained sections according to



Table 1
Demographic details of subjects

Subject # Gender Race Age PMI (h) Hemisphere Brain Weight (g) pH

Neonates 001 F AA 18 W 20 R 560 6.35
002 F AA 9 W 5 D 56 L 500 6.76
003 F AA 16 W 18.5 R 550 6.69
005 M AA 13 W 2 D 59.5 L 750 6.34
006 F AA 5 W 1 D 64 R 510 6.3

Means N = 5 12 W 43.6 574 6.49

Infants 008 F AA 20 W 4 D 40.5 L 875 6.26
009 F AA 37 W 2 D 60 R 900 6.5
010 M AA 50 W 5 D 37.5 R 1040 6.4
011 F AA 25 W 2 D 31.5 R 800 6.74
012 M AA 21 W 4 D 38 L 750 6.69

Means N = 5 31 W 41.5 873 6.52

Adolescents 013 M AA 18 Y 56.5 R 1375 6.3
014 M AA 18 Y 36.5 R 1210 6.64
015 M AA 18 Y 21.5 R 1250 6.66
017 M AA 18 Y 14.5 R 1430 6.57
018 M AA 14 Y 17 L 1430 6.27
019 M AA 15 Y 21 R 1510 6.41
020 M AA 18 Y 21.5 L 1440 6.68
021 M AA 17 Y 59.5 L 1450 5.62

Means N = 8 17 Y 31 1387 6.4

Young adults 022 M AA 24 Y 43.5 R 1350 6.69
023 M AA 22 Y 38 R 1300 5.85
024 M AA 20 Y 32.5 L 1370 6.39
025 M AA 21 Y 28.5 L 1410 6.18
026 M AA 24 Y 21.5 R 1450 6.5
027 M AA 23 Y 16.5 L 1430 6.77

Means N = 6 22 Y 30.08 1385 6.40

Adults 028 M AA 43 Y 24.5 R 1480 6.44
029 M AA 35 Y 55.5 R 1250 6.37
030 M AA 34 Y 13.5 L 1340 6.31
031 M AA 43 Y 23 L 1500 6.71

Means N = 4 38 Y 29.13 1392.5 6.46

Aged 032 M AA 86 Y 45 L 1250 6.26
033 M AA 71 Y 40.5 R 1450 6.25
034 M AA 74 Y 42 R 1400 6.39
035 M AA 83 Y 66.5 L 1200 5.88
036 F Asian 78 Y 23 R 1220 6.53
037 M AA 68 Y 58 R 1220 6.61

Means N = 6 76 Y 45.83 1290 6.32

F, female; M, male; AA, african american; W, weeks; D, days; Y, years; PMI, postmortem interval; R, right; L, left.
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the criteria of Amaral and Insausti (1990). The regions analyzed included
the granule cells of the dentate gyrus, CA4, CA3, CA1, and subiculum.
Three areas of interest were analyzed per region.

Brodmann’s area 20 (BA20) of the temporal cortex was delineated
microscopically from the Nissl-stained sections. For each section, three
lines (230 lm in width) were drawn perpendicular to the pial surface on
the lateral bank of the collateral sulcus and traversed the entire cortical
gray matter, as indicated in Fig. 1A. Continuous optical density measure-
ments were recorded along the length of these lines. The density of BDNF
and trkBTK+ (lCi/g) mRNA as a function of cortical depth was computed
from optical density data using the radioactive standards. The percent cor-
tical depth occupied by individual cortical lamina was calculated from
Nissl-stained sections. The percentage of full cortical width corresponding
to the individual lamina was as follows: I (1–10%), II (11–20%), III (21–
48%), IV (49–58%), V (59–70%), VIA (71–84%), and VIB (85–100%).
Because trkBTK� mRNA density did not vary across cortical layers, three
ROIs were taken from the cortex of each case and averaged.

2.5. Statistical analyses

Group differences in demographic variables [pH and postmortem
interval (PMI)] were tested with a one-way analysis of variance (ANOVA).
Correlation analyses were also performed between mRNA density values
and demographic variables. In the hippocampus, mRNA levels in the dif-
ferent age groups were compared in each hippocampal region using an
ANOVA. For BA 20, a plot of BDNF and TrkBTK+ mRNA density as
a function of cortical width was generated for each subject based on the
mean of the three measurements made per subject. From this plot, a single
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measure of mRNA density for each subject was generated by calculating
the area under the curve (AUC). AUC calculations were done with Num-
ber Cruncher Statistical Systems program (NCSS, Kaysville, Utah, 1999).
AUC measurements for the different age groups were compared using
ANOVA. For trkTK� the mRNA density from the ROI measurements
were compared across different age groups with an ANOVA. Correlation
analysis were also performed between the mRNA density values and age
for each transcript in each brain region.
Acknowledgements

We thank Dubravka Trakic, Eugene Wyatt, and Yeva
Snitkovsky for technical assistance.

References

Altar, C.A., Jurata, L.W., Charles, V., Lemire, A., Liu, P., Bukham, Y.,
Young, T.A., Bullard, J., Yokoe, H., Webster, M.J., Knable, M.B.,
Brockman, J.A., 2005. Deficient expression of proteasome, ubiquitin,
and mitochondrial genes in hippocampal neurons of multiple schizo-
phrenia patient groups. Biol. Psychiatry 58, 85–96.

Amaral, D.G., Insausti, R., 1990. Hippocampal formation. In: Paxinos,
G. (Ed.), The Human Nervous System. Academic Press, New York,
pp. 711–755.

Barnes, C.A., 1979. Memory deficits associated with senescence: neuro-
physiological and behavioral study in the rat. J. Comp. Physiol.
Psychol. 93, 74–104.

Barnes, C.A., McNaughton, B.L., 1985. An age comparison of the rates of
acquisition and forgetting of spatial information in relation to long-
term enhancement of hippocampal synapses. Behav. Neurosci. 99,
1040–1048.

Barnes, C.A., Suster, M.S., Shen, J., McNaughton, B.L., 1997. Multista-
bility of cognitive maps in the hippocampus of old rats. Nature 388,
272–275.

Beltaifa, S., Webster, M.J., Ligons, D.L., Fatula, R.J., Herman, M.M.,
Kleinman, J.E., Shannon Weickert, C., 2005. Discordant changes in
cortical TkC mRNA and protein during the human lifespan. Eur. J.
Neurosci. 21, 2433–2444.

Biffo, S., Offenhauser, N., Carter, B.D., Barde, Y.A., 1995. Selective
binding and internalization by truncated receptors restrict the
availability of BDNF during development. Development 121, 2461–
2470.

Bozzi, Y., Pizzorusso, T., Cremisi, F., Rossi, F.M., Barsacchi, G., Maffei,
L., 1995. Monocular deprivation decreases the expression of messenger
RNA for brain-derived neurotrophic factor in the rat visual cortex.
Neuroscience 69, 1133–1144.

Capsoni, S., Tongiori, E., Cattaneo, A., Domenici, L., 1999. Dark rearing
blocks the developmental down-regulation of brain-derived neurotro-
phic factor messenger RNA expression in layers IV and V of the rat
visual cortex. Neuroscience 88, 393–403.

Castren, E., Zafra, F., Thoenen, H., Lindholm, D., 1992. Light regulates
expression of brain-derived neurotrophic factor mRNA in rat visual
cortex. Proc. Natl. Acad. Sci. USA 89, 9444–9448.

Chen, B., Dowlatshahi, D., MacQueen, M.G., Wang, J.-F., Young, L.T.,
2001. Increased hippocampal BDNF immunoreactivity in subjects
treated with antidepressant medication. Biol. Psychiatry 50, 260–265.

Connor, B., Young, D., Yan, Q., Faull, R.L.M., Synek, B., Dragunow,
M., 1997. Brain-derived neurotrophic factor is reduced in Alzheimer’s
disease. Mol. Brain Res. 49, 71–81.

Connor, B., Dragunow, M., 1998. The role of neuronal growth factors in
neurodegenerative disorders of the human brain. Brain Res. Rev. 27,
1–39.

Desimone, R., Ungerleider, L.G., 1989. Neural mechanisms of visual
processing in monkeys. In: Boller, F., Grafman, J. (Eds.), Handbook
of Neuropsychology, vol. 2. Elsevier Science Publishers, Amsterdam,
pp. 267–299.
de Vellis, J., 2002. Neuroglia in the Aging Brain. Humana Press, Totowa,
NJ.

deToledo-Morrell, L., Geinisman, Y., Morrell, F., 1988. Age-dependent
alterations in hippocampal synaptic plasticity: relation to memory
disorders. Neurobiol. Aging 9, 581–590.

Duman, R.S., Malberg, J., Thome, J., 1999. Neural plasticity to stress and
antidepressant treatment. Biol. Psychiatry 46, 1181–1191.

Ernfors, P., Ibanez, C.F., Ebendal, T., Olsen, L., Persson, H., 1990a.
Molecular cloning and neurotrophic activities of protein with structural
similarities to nerve growth factor: developmental and topographical
expression in the brain. Proc. Natl. Acad. Sci. USA 87, 5454–5458.

Ernfors, P., Wetmore, C., Olsen, L., Persson, H., 1990b. Identification of
cells in rat brain and peripheral tissues expressing mRNA for members
of the nerve growth factor family. Neuron 5, 511–526.

Ferrer, I., Marin, C., Rey, J., Ribalta, T., Goutan, E., Blanco, R., Tolosa,
E., Marti, E., 1999. BDNF and full-length and truncated TrkB
expression in Alzheimer’s disease. Implications in therapeutic strate-
gies. J. Neuropathol. Exp. Neurol. 58, 729–739.

Friedman, W.J., Enfors, P., Persson, H., 1991. Transient expression of
NT-3/HDNF mRNA in the rat brain during postnatal development. J.
Neurosci. 11, 1577–1584.

Freyer, R.H., Kaplan, D.R., Feinstein, S.C., Radeke, M.J., Grayson,
D.R., Kromer, L.F., 1996. Developmental and mature expression of
full-length and truncated TrkB receptors in the rat forebrain. J. Comp.
Neurol. 374, 21–40.

Freyer, R.H., Kaplan, D.R., Kromer, L.F., 1997. Truncated trkB
receptors on nonneuronal cells inhibit BDNF-induced neurite out-
growth in vitro. Exp. Neurol. 148, 616–627.

Frisen, J., Verge, V.M., Fried, K., Risling, M., Persson, H., Trotter, J.,
Hokfelt, T., Lindholm, D., 1993. Characterization of glial trkB
receptors: differential response to injury in the central and peripheral
nervous systems. Proc. Natl. Acad. Sci. USA 90, 4971–4975.

Gallagher, M., Rapp, P.R., 1997. The use of animal models to study the
effects of aging on cognition. Annu. Rev. Psychol. 48, 339–370.

Gorski, J.A., Balogh, S.A., Wehner, J.M., Jones, K.R., 2003. Learning
deficits in forebrain-resticted brain-derived neurotrophic factor mutant
mice. Neuroscience 121, 341–354.

Gosh, A., Carnahan, J., Greenberg, M.E., 1994. Requirement for BDNF
in activity-dependent survival of cortical neurons. Science 263, 1618–
1622.

Hall, J., Thomas, K.L., Everitt, B.J., 2000. Rapid and selective induction
of BDNF expression in the hippocampus during contextual learning.
Nat. Neurosci. 3, 533–535.

Hashimoto, T., Bergen, S.E., Nguyen, Q.L., Xu, B., Monteggia, L.M.,
Pierri, J.N., Sun, Z., Sampson, A.R., Lewis, D.A., 2005. Relationship of
brain-derived neurotrophic factor and its receptor TrkB to altered
inhibitory prefrontal circuitry in schizophrenia. J. Neurosci. 25, 372–
383.

Hayashi, M., Yamashita, A., Shimizu, K., 1997. Somatostatin and brain-
derived neurotrophic factor mRNA expression in the primate brain:
decreased levels of mRNAs during aging. Brain Res. 749, 283–289.

Hayashi, M., Mitsunaga, M., Ohira, K., Shimizu, K., Yamashita, A.,
1999. Development of full-length TrkB-immunoreactive structures in
the hippocampal formation of the macaque monkey. Anat. Embryol.
199, 529–537.

Hayashi, M., Mitsunaga, M., Itoh, M., Shimizu, K., Yamashita, A., 2000.
Development of full-length Trk B-immunoreactive structures in the
prefrontal and visual cortices of the macaque monkey. Anat. Embryol.
201, 139–147.

Hofer, M., Pugliusi, S.R., Hohn, A., Leibrock, J., Barde, Y.-A., 1990.
Regional distribution of brain-derived neurotrophic factor mRNA in
the adult mouse brain. EMBO J. 9, 2459–2464.

Huntly, G.W., Benson, D.L., Jones, E.G., Isackson, P.J., 1992. Develop-
mental expression of brain derived neurotrophic factor mRNA by
neurons of fetal and adult monkey prefrontal cortex. Dev. Brain Res.
70, 53–63.

Huttenlocher, P.R., 1990. Morphometric study of human cerebral cortex
development. Neuropsychologia 28, 517–527.



950 M.J. Webster et al. / Gene Expression Patterns 6 (2006) 941–951
Huttenlocher, P.R., 1994. Synaptogenesis in human cerebral cortex. In:
Dawson, G., Fischer, K.W. (Eds.), Human Behavior and the Devel-
oping Brain. Guilford Press, New York, pp. 137–152.

Johnston, N.L., Cerevnak, J., Shore, A.D., Torrey, E.F., Yolken, R.H.,
1997. Multivariate analysis of RNA levels from postmortem human
brains as measured by three different methods of RT-PCR. J.
Neurosci. Methods 77, 83–92.

Kang, H., Shuman, E.M., 1995. Long-lasting neurotrophin-induced
enhancement of synaptic transmission in the adult hippocampus.
Science 267, 1658–1662.

Katoh-Semba, R., Semba, R., Takeuchi, I., Kato, K., 1998. Age-related
changes in levels of brain-derived neurotrophic factor in selected brain
regions of rats, normal mice and senescence-accelerated mice: a
comparison to those of nerve growth factor and neurotrophin-3.
Neurosci. Res. 31, 227–234.

Kleinman, J.E., Hyde, T.M., Herman, M.M., 1995. Methodological issues
in the neuropathology of mental illness. In: Bloom, F.E., Kupfer, D.J.
(Eds.), Psychopharmacology: The Fourth Generation of Progress.
Raven Press, New York, pp. 859–864.

Korte, M., Carroll, P., Wolf, E., Brem, G., Thoenen, H., Bonhoeffer, T.,
1995. Hippocampal long-term potentiation is impaired in mice lacking
brain-derived neurotrophic factor. Proc. Natl. Acad. Sci. USA 92,
8856–8860.

Korte, M., Staiger, V., Griesbeck, O., Thoenen, H., Bonhoeffer, T., 1996.
The involvement of brain-derived neurotrophic factor in hippocampal
long-term potentiation revealed by gene targeting experiments. J.
Physiol. 90, 157–164.

Kovalchuk, Y., Hanse, E., Kafitz, K.W., Konnerth, A., 2002. Postsyn-
aptic induction of BDNF-mediated long-term potentiation. Science
295, 1729–1734.

Lapchak, P.A., Araujo, D.M., Beck, K.D., Finch, C.E., Johnson, S.A.,
Hefti, F., 1993. BDNF and trkB mRNA expression in the hippocam-
pal formation of aging rats. Neurobiology 14, 121–126.

Law, A.J., Shannon Weickert, C., Webster, M.J., Herman, M.M.,
Kleinman, J.E., Harrison, P.J., 2003a. Changes in NMDA receptor
subunit mRNAs and cyclophilin mRNA during development of the
human hippocampus. Ann. N. Y. Acad. Sci. 1003, 1–5.

Law, A.J., Shannon Weickert, C., Webster, M.J., Herman, M.M.,
Kleinman, J.E., Harrison, P.J., 2003b. Expression of NMDA receptor
NR1, NR2A and NR2B subunit mRNAs during development of the
human hippocampal formation. Eur. J. Neurosci. 18, 1197–1205.

Levine, E.S., Dreyfus, C.F., Black, I.B., Plummer, M.R., 1995. Brain-
derived neurotrophic factor rapidly enhances synaptic transmission in
hippocampal neurons via postsynaptic tyrosine kinase receptors. Proc.
Natl. Acad. Sci. USA 92, 8074–8077.

Li, J.Z., Vawter, M.P., Walsh, D.M., Tomita, H., Evans, S.J., Choudary,
P.V., Lopez, J.F., Avelar, A., Shokoohi, V., Chung, T., Mesarwi, O.,
Jones, E.G., Watson, S.J., Akil, H., Bunney, W.E., Meyers, R.M.,
2004. Systematic changes in gene expression in postmortem human
brains associated with tissue pH and terminal medical conditions.
Hum. Mol. Genet. 13, 609–616.

Li, Y.X., Zhang, Y., Lester, H.A., Shuman, E.M., Davidson, N., 1998.
Enhancement of neurotransmitter release induced by brain-derived
neurotrophic factor in cultured hippocampal neurons. J. Neurosci. 18,
10231–10240.

Lindholm, D., Carroll, P., Tzimagiogis, G., Thoenen, H., 1996. Auto-
crine–paracrine regulation of hippocampal neuron survival by IGF-1
and the neurotrophins BDNF, NT-3 and NT-4. Eur. J. Neurosci. 8,
1452–1460.

Linnarsson, S., Bjorklund, A., Ernfors, P., 1997. Learning deficits in
BDNF mutant mice. Eur. J. Neurosci. 9, 2581–2587.

Lowenstein, D.H., Arsenault, L., 1996. The effects of growth factors on
the survival and differentiation of cultured dentate gyrus neurons. J.
Neurosci. 16, 1759–1769.

Ma, Y.L., Wang, H.L., Wu, H.C., Wei, C.L., Lee, E.H.Y., 1998. Brain-
derived neurotrophic factor antisense oligonucleotide impairs memory
retention and inhibits long-term potentiation in rats. Neuroscience 82,
957–967.
Maisonpierre, P.C., LeBeau, M.M., Espinosa, R., Ip, N.Y., Belluscio, L.,
de la Monte, S.M., Squinto, S., Furth, M.E., Yancopoulos, G.D.,
1991. Human and rat brain-derived neurotrophic factor and neuro-
trophin 3: gene structures, distributions, and chromosomal localiza-
tions. Genomics 10, 558–568.

McAllister, A.K., Katz, L.C., Lo, D.C., 1999. Neurotrophins and synaptic
plasticity. Annu. Rev. Neurosci. 22, 295–318.

Messaoudi, E., Bardsen, K., Srebro, B., Bramham, C.R., 1998. Acute
intrahippocampal infusion of BDNF induces lasting potentiation of
synaptic transmission in the rat dentate gyrus. J. Physiol. 79, 496–499.

Minichiello, L., Korte, M., Wolfer, D., Kuhn, R., Unsicker, K., Cestari,
V., Rossi-Arnaud, C., Lipp, H.P., Bonhoeffer, T., Klein, R., 1999.
Essential role for TrkB receptors in hippocampus-mediated learning.
Neuron 24, 401–414.

Mishkin, M., Ungerleider, L.G., Macko, K.A., 1983. Object vision and
spatial vision: two cortical pathways. Trends Neurosci. 6, 414–417.

Mizuno, M., Yamada, K., Olariu, A., Nawa, H., Nabeshima, T., 2000.
Involvement of brain-derived neurotrophic factor in spatial memory
formation and maintenance in a radial arm maze test in rats. J.
Neurosci. 20, 7116–7121.

Molnar, M., Potkin, S.G., Bunney, W.E., Jones, E.G., 2003. mRNA
expression patterns and distribution of white matter neurons in
dorsolateral prefrontal cortex of depressed patients differ from those in
schizophrenia patients. Biol. Psychiatry 53, 39–47.

Morrison, J.H., Hof, P.R., 1997. Life and death of neurons in the aging
brain. Science 278, 412–419.

Murer, M.G., Yan, Q., Raisman-Vozari, R., 2001. Brain-derived neuro-
trophic factor in the control human brain, and in Alzheimer’s disease
and Parkinson’s disease. Prog. Neurobiol. 63, 71–124.

Murray, K.D., Gall, C.M., Jones, E.G., Isackson, P.J., 1994. Differential
regulation of brain-derived neurotrophic factor and type II calcium/
calmodulin-dependent protein kinase messenger RNA expression in
Alzheimer’s disease. Neuroscience 60, 37–48.

Nakata, K., Ujike, H., Sakai, A., Uchida, N., Nomura, A., Imamura, T.,
Katsu, T., Tanaka, Y., Hamamura, T., Kuroda, S., 2003. Association
study of the brain-derived neurotrophic factor (BDNF) gene with
bipolar disorder. Neurosci. Lett. 337, 17–20.

Ohira, K., Shimizu, K., Hayashi, M., 1999. Change of expression of full-
length and truncated TrkBs in the developing monkey central nervous
system. Dev. Brain Res. 112, 21–29.

Patterson, S.L., Abel, T., Deuel, T.A.S., Martin, K.C., Rose, J.C., Kandel,
E.R., 1996. Recombinant BDNF rescues deficits in basal synaptic
transmission and hippocampal LTP in BDNF knockout mice. Neuron
16, 1137–1145.

Perlman, W.R., Webster, M.J., Herman, M.M., Kleinman, J.E., Shannon
Weickert, C., 2006. Age-related differences in glucocorticoid receptor
mRNA levels in the human brain. Neurobiol. Aging (in press).

Phillips, H.S., Hains, J.M., Laramee, G.R., Rosenthal, A., Winslow, J.W.,
1990. Widespread expression of BDNF but not NT3 by target areas of
basal forebrain cholinergic neurons. Science 250, 290–294.

Phillips, H.S., Hains, J.M., Armanini, M., Laramee, G.R., Johnson, S.A.,
Winslow, J.W., 1991. BDNF mRNA is decreased in the hippocampus
of individuals with Alzheimer’s disease. Neuron 7, 695–702.

Rapp, P.R., Amaral, D.G., 1992. Individual differences in the cognitive
and neurobiological consequences of normal aging. Trends Neurosci.
15, 340–345.

Rapp, P.R., Gallagher, M., 1996. Preserved neuron number in the
hippocampus of aged rats with spatial learning deficits. Proc. Natl.
Acad. Sci. USA 93, 9926–9930.

Rapp, P.R., Kansky, M.T., Eichenbaum, H., 1996. Learning and memory
for hierarchical relationships in the monkey: Effects of aging. Behav.
Neurosci. 110, 887–897.

Ringstedt, T., Lagercrantz, H., Persson, H., 1993. Expression of members
of the trk family in the developing postnatal rat brain. Dev. Brain Res.
72, 119–131.

Roback, J.D., Marsh, H.N., Downen, M., Palfrey, H.C., Wainer, B.H.,
1995. BDNF-activated signal transduction in rat cortical glial cells.
Eur. J. Neurosci. 9, 849–862.



M.J. Webster et al. / Gene Expression Patterns 6 (2006) 941–951 951
Romanczyk, T.B., Shannon Weickert, C., Webster, M.J., Herman, M.M.,
Akil, M., Kleinman, J.E., 2002. Alterations in trkB mRNA in the
human prefrontal cortex across the life span. Eur. J. Neurosci. 15, 269–
280.

Rubio, N., 1997. Mouse astrocytes store and deliver brain-derived
neurotrophic factor using the non-catalytic gp95trkB receptor. Eur.
J. Neurosci. 9, 1847–1853.

Rudge, J.S., Li, Y., Pasnikowski, E.M., Mattsson, K., Pan, L., Yanco-
poulos, G.D., Wiegand, S.J., Lindsay, R.M., Ip, N.Y., 1994. Neuro-
trophic factor receptors and their signal transduction capabilities in rat
astrocytes. Eur. J. Neurosci. 6, 693–705.

Sathanoori, M., Dias, B.G., Nair, A.R., Banerjee, S.B., Tole, S., Viadya,
V.A., 2004. Differential regulation of multiple brain derived neurotro-
phic factor transcripts in the postnatal and adult rat hippocampus
during development, and in response to kianate administration. Mol.
Brain Res. 130, 170–177.

Shirayama, Y., Chen, A.C.-H., Nakagawa, S., Russell, D.S., Duman,
R.S., 2002. Brain-derived neurotrophic factor produces antidepres-
sant effects in behavioral models of depression. J. Neurosci. 22,
3251–3261.

Shoups, A.A., Elliot, R.C., Friedman, W.J., Black, I.B., 1995. NGF and
BDNF are differentially modulated by visual experience in the
developing geniculocortical pathway. Brain Res. 86, 326–334.

Silhol, M., Bonnichon, V., Rage, F., Tapia-Arancibia, L., 2005. Age-
related changes in brain-derived neurotrophic factor and tyrosine
kinase receptor isoforms in the hippocampus and hypothalamus in
male rats. Neuroscience 132, 613–624.

Sowell, E.R., Thompson, P.M., Holmes, C.J., Jernigan, T.L., Toga, A.W.,
1999. In vivo evidence for post-adolescent brain maturation in frontal
and striatal regions. Nat. Neurosci. 2, 859–861.
Timmusk, T., Palm, K., Metsis, M., Reintam, T., Paalme, V., Saarma, M.,
Persson, H., 1993. Multiple promoters direct tissue-specific expression
of the rat BDNF gene. Neuron 10, 475–489.

Timmusk, T., Metis, M., 1994. Regulation of BDNF promoters in the rat
hippocampus. Neurochem. Int. 25, 11–15.

Tokuyama, W., Okuno, H., Hashimoto, T., Li, Y.X., Miyashita, Y., 2000.
BDNF upregulation during declarative memory formation in monkey
inferior temporal cortex. Nat. Neurosci. 3, 1134–1142.

Webster, M.J., Knable, M.B., O’Grady, J., Orthmann, J., Shannon
Weickert, C., 2002a. Regional specificity of brain glucocorticoid
receptor mRNA alterations in subjects with schizophrenia and mood
disorders. Mol. Psychiatry 7, 985–994.

Webster, M.J., Shannon Weickert, C., Herman, M.M., Kleinman, J.E.,
2002b. BDNF mRNA expression during postnatal development,
maturation and aging of the human prefrontal cortex. Dev. Brain
Res. 139, 139–150.

Weickert, C.S., Hyde, T.M., Lipska, B.K., Herman, M.M., Weinberger,
D.R., Kleinman, J.E., 2003. Reduced brain-derived neurotrophic factor
in prefrontal cortex of patients with schizophrenia. Mol. Psychiatry 8,
592–610.

Wetmore, C., Ernfors, P., Persson, H., Olson, L., 1990. Localization of
brain-derived neurotrophic factor mRNA in neurons in the brain by
in situ hybridization. Exp. Neurol. 109, 141–152.

Whitfield Jr., H.J., Brady, L.S., Smith, M.A., Mamalaki, E., Fox, R.J.,
Herkenham, M., 1990. Optimization of cRNA probe in situ hybridiza-
tion methodology for localization of glucocorticoid receptor mRNA in
rat brain: A detailed protocol. Cell. Mol. Neurobiol. 10, 145–157.

Yakovlev, P.I., Lecours, A., 1967. The myelogenetic cycles of regional
maturation of the brain. In: Minkowski, A. (Ed.), Regional Develop-
ment of the Brain in Early Life. Blackwell, Oxford, pp. 3–70.


	BDNF and trkB mRNA expression in the hippocampus and temporal cortex during the human lifespan
	Results and discussion
	Anatomical distribution of BDNF and trkB mRNA transcripts
	Quantitative age-related differences in the hippocampus
	Quantitative age-related differences in the temporal cortex
	Effect of descriptive variables
	Conclusion

	Experimental procedures
	Processing of the tissue
	Riboprobe design
	In situ hybridization histochemistry
	Image analysis
	Statistical analyses

	Acknowledgements
	References


