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Abstract

Previous studies of postnatal synaptic development in human frontal cortex have shown that synaptic
density rises after birth, reaches a plateau in childhood and then decreases to adult levels by late
adolescence. A similar pattern has been seen in nonhuman primate cortex. These earlier studies in
human cortex are limited, however, by significant age gaps in study subjects at critical inflection
points of the developmental curve. Additionally, it is unclear if synaptic development occurs in
different patterns in different cortical layers in prefrontal cortex (PFC). The purpose of this study
was to examine synaptic density in human PFC across development by measuring two synaptic
marker proteins: synaptophysin (presynaptic), and postsynaptic density-95 (PSD-95; postsynaptic).
Western blotting was used to assess the relative levels of synaptophysin and PSD-95 in dorsolateral
PFC of 42 subjects, distributed in age from 18 weeks gestation to 25 years. In addition, synaptophysin
immunoreactivity was examined in each layer of areas 9 and 46 of PFC in 24 subjects, ranging in
age from 0.1 to 25 years. Synaptophysin levels slowly increased from birth until age 5 and then
increased more rapidly to peak in late childhood around age 10. Synaptophysin subsequently
decreased until the adult level was reached by mid-adolescence, around age 16. PSD-95 levels
increased postnatally to reach a stable plateau by early childhood with a slight reduction in late
adolescence and early adulthood. The pattern of synaptophysin immunoreactivity seen with
immunohistochemistry was similar to the Western experiments but the changes across age were more
subtle, with little change by layer within and across age. The developmental patterns exhibited by
these synaptic marker proteins expand upon previous studies of developmental synaptic changes in
human frontal cortex; synaptic density increases steadily from birth to late childhood, then decreases
in early adolescence to reach adult levels by late adolescence.
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The human brain has the most protracted period of development of any species, with
neurodevelopment continuing well into early adulthood. Imaging studies have shown that in
the human, the overall volume of the brain increases during childhood and adolescence (Giedd
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et al. 1999; Sowell et al. 2002; Gilmore et al. 2007). Specifically, the cortical gray matter
volume, particularly the frontal and parietal regions, shows a volumetric decrease during this
time period while white matter volume continues to increase (Giedd et al. 1999; Sowell et al.
2002). Developmental changes in gray matter volume are thought to be due to changes in the
neuropil, which is composed of dendrites, axons and the synapses between them (Lewis
2000). Similarly, studies of cerebral glucose utilization reveal that glucose utilization rates are
maximal in childhood and then decline in late childhood and early adolescence (Chugani
1998). These late developmental refinements coincide with the ability to perform higher
cognitive tasks (Fuster 2002) and the coming “on line” of the frontal cortex (Goldman-Rakic
1987). Taken together, these studies suggest that cortical circuitry is being refined late in
childhood and early adolescence to allow for the efficient processing necessary for adult
cognition.

Previous postmortem studies have shown that synaptic density in cortical association areas
increases after birth, peaking in early childhood and then exhibits late developmental
reductions, or “pruning” in the human (Huttenlocher 1979; Huttenlocher and Dabholkar
1997) and the non-human primate (Rakic et al. 1986; Bourgeois et al. 1994), reaching adult
levels in late adolescence or early adulthood. Similarly, the density of dendritic spines on
cortical pyramidal neurons also declines by as much as 50% during this developmental period
in non-human primates (Anderson et al. 1995). Because spines typically receive only one
asymmetric synapse (DeFelipe and Farinas 1992; Harris and Kater 1994), the number of spines
is a good approximation of the total number of excitatory synapses on a dendrite. The
developmental regulation of synaptic density occurs primarily via pruning of the excitatory
axospinous synapses (Bourgeois and Rakic 1993). Accordingly, it is the synapses onto spines
that have been shown to be selectively eliminated after birth (Zecevic et al. 1989). In contrast,
axodendritic synapse density does not change appreciably after birth and does not show this
same dynamic pattern of development (Bourgeois et al. 1994).

Previous studies in the non-human primate suggest that synapses develop at the same rate in
different cortical layers (Rakic et al. 1986; Bourgeois et al. 1994). In contrast, studies by
Huttenlocher and Dabholkar (Huttenlocher and Dabholkar 1997) suggest that synaptogenesis
occurs later in layers 2 and 3 than in layers 4-6 in the middle frontal gyrus of the human. These
authors suggest that any potential laminar differences might be difficult to detect in the non-
human primate because the non-human primate has a much more condensed period of
synaptogenesis as compared to the human.

Synaptophysin is an integral membrane protein of small synaptic vesicles and is localized in
all nervous tissue (Wiedenmann and Franke 1985; Navone et al. 1986). Immunoprecipitation
(Floor and Feist 1989) and electron microscopic (Jahn et al. 1985; Navone et al. 1986; Hiscock
et al. 2000) studies have localized synaptophysin to virtually all, or greater than 90%, of all
vesicles. Synaptophysin immunoreactivity has been identified as a useful marker for synaptic
density in many studies (Hamos et al. 1989; Masliah et al. 1990; Masliah et al. 1991; Masliah
et al. 1991). In addition, synaptophysin levels have been shown to correlate with resting-state
brain glucose utilization (Rocher et al. 2003). The function of this protein is still unknown but
previous suggestions have included calcium binding (Rehm et al. 1986), channel formation
(Sudhof et al. 1987; Thomas et al. 1988), exocytosis (Alder et al. 1992; Alder et al. 1992;
Mullany and Lynch 1998), and synaptic vesicle recycling via endocytosis (Evans and Cousin
2005). Furthermore, synaptophysin has also been implicated in disorders of neurodevelopment
such as schizophrenia. Evidence for reduced levels of synaptophysin in prefrontal cortex (PFC)
in subjects with schizophrenia (Perrone-Bizzozero et al. 1996; Glantz and Lewis 1997; Honer
et al. 1999; Karson et al. 1999) has provided important support for the hypothesis of
schizophrenia as a disorder of synaptic connectivity (Lewis and Lieberman 2000).
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Postsynaptic Density Protein 95 (PSD-95) is a protein localized to the postsynaptic density of
asymmetric synapses (Hunt et al. 1996; Valtschanoff et al. 1999; Aoki et al. 2001). Most
(greater than 60%) asymmetric synapses have been found to express PSD-95 (Aoki et al.
2001; Petersen et al. 2003). Antibodies to this protein have been used to examine a variety of
disorders (Toro and Deakin 2005). The most important role of PSD-95 is to anchor and organize
the NMDA receptor and other synaptic proteins in the postsynaptic density (Sheng and Pak
1999; Kim and Sheng 2004). Interactions between PSD-95 and the NMDA receptor in the
postsynaptic density may be important for synaptic plasticity (Hata and Takei 1999).

Very few investigations have examined synaptic density changes in the developing human
brain. The studies conducted to date indicate that synaptic pruning begins in human cortex
sometime in early adulthood. However, these studies are limited by not having examined
subjects across an age continuum (Levitt 2003). In particular, in his two influential papers
(Huttenlocher 1979; Huttenlocher and Dabholkar 1997), Huttenlocher examined no subjects
between ages 7 and 16 and 3 1/2 and 12, respectively, the very interval during which the bulk
of synaptic elimination is thought to occur. These studies have utilized electron microscopy to
count synapses. Electron microscopy can be very difficult to perform quantitatively in human
brain given, in part, the requirement for a very short postmortem interval (PMI). Therefore,
we sought to examine two synaptic markers via semi-quantitative Western blotting in the PFC
from normal human subjects, evenly distributed in age between mid-gestation to early
adulthood. In addition, we examined the immunohistochemical pattern of synaptophysin
immunoreactivity on a layer-by-layer basis in the PFC from birth until early adulthood.

Experimental Procedures

Subjects

This study was approved by the Committee on the Protection of the Rights of Human Subjects
at the University of North Carolina at Chapel Hill. Human brain tissue from the dorsolateral
PFC was obtained from The Brain and Tissue Bank for Developmental Disorders at the
University of Maryland (Baltimore MD) and consisted of 42 subjects, evenly distributed in
age from 18 weeks gestation to 25.4 years (Table 1). Brains were divided into 7 groups based
on age: fetal (18-19 weeks gestation; n = 6), Birth to 12 months (n = 4); 1 to 5 years (n = 6); 6
to 10 years (n = 6); 11 to 15 years (n = 9); 16 to 20 years (n = 4) and 21 to 25 years (n =7)
(Table 1). No subject had a known psychiatric or substance abuse disorder. Individuals died
from a variety of causes, none of which were known central nervous system (CNS) disorders.
Gross and microscopic examination by a neuropathologist revealed no evidence of CNS
pathology. Tissue was assessed for pH values as previously described (Romanczyk et al.
2002). Tissue with a pH less than 5.8 was not used. Subjects with a pH of less than 5.8 that
were excluded are not included in the 42 subjects used in this study and listed in Table 1.

Western Blot Procedures

Homogenization of dorsolateral PFC tissue was performed as previously described (Jarskog
et al. 2000) except the homogenization buffer used in this study was 50 mM Tris-HCI buffer
(pH 7.4) with 0.6 M NaCl, 0.2% Triton X-100, 0.1 mM phenylmethylsulfonyl fluoride (PMSF),
1 mM benzamidine, and 0.1 mM benzethenium chloride. Total protein concentrations were
determined using the BCA method (Pierce, Rockford IL). Western blotting experiments were
performed as previously described (Jarskog et al. 2000). In brief, all 42 samples were run in
triplicate in three separate Western blot experiments. Samples were separated on 10-well 10%
(synaptophysin) or 4-12% (PSD-95) Tris-glycine polyacrylamide gels and equal amounts of
protein (Synaptophysin: 1 ug; PSD-95: 35 ug) were boiled and loaded into gels. All gels were
run with a molecular weight marker (Low-Range Rainbow Molecular Weight Marker or ECL
DualVue Western Blotting Markers, Amersham Biosciences, Piscataway NJ). Separated
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proteins were transferred to polyvinylidiene difluoride (PVDF) membranes (Immobilon-P,
Millipore MA) at 25V for 90 min and complete and uniform transfer was verified by staining
membranes with Ponceau S. Non-specific protein binding was blocked with 5% milk in 0.1%
Tween TBS. Membranes were incubated overnight at 4°C with a mouse monoclonal antibody
to synaptophysin (1:2000; cat # S5768; Sigma-Aldrich, St. Louis MO) or a goat polyclonal
antibody to PSD-95 (1:500; cat # sc-6926; Santa Cruz Biotechnology, Santa Cruz CA) in 5%
milk. Membranes were then washed and incubated for 1 hr with a HRP-conjugated secondary
antibody in 5% milk (Synaptophysin: 1:4000; PSD-95: 1:3000; ECL, Amersham Biosciences,
Piscataway NJ). Membranes were washed and then immunoreactivity was visualized with a
chemiluminescence detection method (ECL, Amersham Biosciences) and protein bands were
detected on radiographic film (Hyperfilm ECL, Amersham Biosciences) after 1 minute
exposure for all proteins. Optical densitometry was performed on each targeted band
(Synaptophysin: 38 kDa; PSD-95: 95 kDa) using a computerized image analysis system
(Bioguant, Nashville TN). Each band was normalized to a standard which consisted of a pooled
homogenate of all of the brains which was also run on each blot. In addition, a standard curve
of the pooled control sample was immunoblotted to ascertain that tissue samples fell within
the linear portion of the densitometric curve (data not shown).

Immunohistochemistry

Slide-mounted fresh frozen tissue sections from subjects marked with an asterisk in Table 1
were used for immunohistochemical experiments, as previously described (Glantz and Lewis
1997). Three separate immunohistochemical experiments were performed for each of the
subjects with one section from each subject included in each experiment. Adjacent sections
stained with cresyl violet were used to define laminar and area boundaries. Control experiments
involved replacing the primary antibody with normal mouse serum and processing the tissue
as usual. No immunoreactivity was observed in this control experiment.

Immunohistochemical Image Analysis

Slide-mounted sections were randomly coded, scanned, and the images were imported into an
image analysis software program (Bioquant, Nashville TN) to obtain light transmittance
measurements of synaptophysin immunoreactivity. An adjacent Nissl section was used to
determine the boundaries of PFC areas 9 and 46 and each layer within areas 9 and 46.
Measurements in areas 9 and 46 were grouped together and will be referred to hereafter as
PFC. Within PFC, regions of interest were drawn that extended for 5-10 mm across the whole
cortical traverse and within each layer. Regions of interest varied in size because measurements
were restricted to those portions of the PFC that were cut perpendicular to the pial surface and
that were free of any discontinuities of the tissue. Thresholding of the areas to be analyzed was
established by setting threshold with a blank slide in order to avoid analyzing the light
transmittance of holes in the tissue. The average light transmittance (range of 0-255) was
determined in 3 different regions of interest for each layer within the PFC on each section. The
values from each region of interest were then averaged to produce a mean cortical and a mean
white matter light transmittance value from each layer of each section of each subject. Because
synaptophysin immunoreactivity was virtually absent in the white matter of all subjects, light
transmittance measurements in the white matter were used to control for possible nonspecific
differences between subjects. Adjusted optical density values were calculated from the mean
light transmittance values according to the equation: adjusted optical density = log (light
transmittance in white matter/light transmittance in cortex), as previously described (Glantz
and Lewis 1997). The adjusted optical density values were then used for comparisons between
the age groups. This method of optical density measurement analysis has previously been
shown to reflect very well the pattern of synaptophysin immunoreactivity (Glantz and Lewis
1997).

Neuroscience. Author manuscript; available in PMC 2008 November 9.



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

1duasnuey Joyiny vd-HIN

Glantz et al.

Page 5

Effect of PMI on synaptic protein levels

Male Sprague-Dawley rats (150-200 g, Charles River, Raleigh NC) were sacrificed and, in one
group (n=6), frontal cortex was dissected and immediately frozen at -80°C. To approximate
the human postmortem condition, heads of the other group (n=7) were kept at 25°C for 6 hrs
and then at 4°C for 18 hrs, after which the frontal cortex was dissected out and frozen. All
tissues were homogenized and sonicated, and Western blots of synaptophysin and PSD-95
were performed as described above.

Statistical Analyses

Results

Brain samples were divided a priori into 7 groups based on age: fetal (18-19 weeks gestation ;
n = 6), Birth to 12 months (n = 4); 1 to 5 years (n = 6); 6 to 10 years (n = 6); 11 to 15 years (n
=9); 16 to 20 years (n = 4) and 21 to 25 years (n = 7) (Table 1). Western blot and
immunohistochemical data of synaptic marker proteins were analyzed by one-way analysis of
variance (ANOVA) across age groups with significance set at a = 0.05, and post hoc Tukey’s
multiple comparison tests were performed using two-tailed p values considered significant at
a = 0.05 with GraphPad Prism Version 4.01 (GraphPad Software, San Diego, CA). In a
secondary analysis of the Western blot data, each protein was regressed with age using linear
and curvilinear models and adding PMI and pH as a covariate.

Subject Comparisons

When subjects were grouped according to Table 1, subjects did not differ significantly with
respect to pH (Fg 35 = 1.323, P > 0.05). There were significant differences between the groups
with respect to PMI (Fg 35 = 9.704, P < 0.05). The groups that differed from each other were:
fetal vs all groups except 0 - 12 mos; 0 - 12 mos vs 6-10 yrs and 11-15 yrs. We included PMI
and pH in our statistical model in order to determine their potential impact on the main outcome
variables.

Synaptophysin Western Blot

Synaptophysin immunoreactive bands in PFC were observed at the predicted molecular weight
of 38 kDa (Figure 1A). Synaptophysin levels were significantly regulated across the age groups
(ANOVA: Fg 35 = 9.53, P < 0.0001). Synaptophysin was present but almost undetectable in
fetal cortex. This undetectability was due to the small amount of protein loaded onto the gels
as synaptophysin bands do appear in the fetal samples when more protein is loaded. Postnatally,
levels increased slowly in the O - 12 month group, after which levels increased more rapidly
to reach a peak in the 6-10 year age group (Figure 2). After age 10, levels of synaptophysin
decreased until the adult level was reached at age 16. In post hoc analysis, a Tukey’s multiple
comparison test demonstrated differences among the following age groups at the o= 0.05 level:
fetal vs 0 - 12 months (mos), fetal vs 6-10 years (yrs), fetal vs 11-15 yrs, 0 - 12 mos vs 6-10
yrs, 0 - 12 mos vs 11-15 yrs, 1-5 yrs vs 6-10 yrs, 6-10 yrs vs 16-20 yrs and 6-10 yrs vs 21-25
yrs (Figure 2). The relationship between synaptophysin levels and age of each individual
subject exhibited a curvilinear relationship (R2 = 0.4580, P < 0.0001). The relationship did not
change when covarying for PMI and pH (R? = 0.4941, P = 0.0054).

PSD-95 Western Blot

PSD-95 immunoreactive bands in PFC were observed at the predicted molecular weight of 95
kDa (Figure 1B). A one-way ANOVA revealed a significant difference between the age groups
(Fe,35=3.20, P <0.05). Levels of PSD-95 increased from birth, with a peak in early adolescence
followed by a slight decline into early adulthood (Figure 3). In post hoc analysis, the following
age groups differed by a Tukey’s multiple comparison test at the o = 0.05 level: fetal vs 11-15
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yrs, and 0 - 12 mos vs 11-15 yrs. In a secondary analysis, levels of PSD-95 for each individual
subject exhibited a linear relationship with age (R2 = 0.1154, P = 0.0277). When covarying
for PMI and pH, this relationship was no longer significant (R2 = 0.2218, P = 0.0994).

Synaptophysin Immunohistochemistry

Because synaptophysin exhibited a very dynamic pattern on the Western blots across
development and because synaptophysin is thought to be in virtually every synapse, we
examined the pattern of synaptophysin immunoreactivity via immunohistochemistry on tissue
sections. Synaptophysin immunoreactivity (IR) exhibited a punctate pattern throughout the
cortical neuropil across all subjects (Figure 4, 5). Optical density of synaptophysin IR across
all cortical layers was lowest in infancy and then increased rapidly to reach a plateau by the
6-10 yrs group (Figure 6). Although the optical density of synaptophysin IR appeared slightly
lower in the young adult group compared to the pre-adolescent and adolescent groups, the
immunohistochemical data did not show the markedly more dynamic changes in synaptophysin
levels across age as observed in the Western blot experiment. Laminar assessment of
synaptophysin IR showed a consistent pattern across all age groups. Levels of synaptophysin
IR were highest in layer 1/2 and then slowly decreased through layer 6. Furthermore, layers 3,
4 and 5 appear to reflect most closely the overall changes in the levels of synaptophysin
immunoreactivity across the entire cortical mantle (Figure 7).

Postmortem effects

In order to determine if PMI affected synaptophysin and PSD-95 levels, rodent brains subjected
to a PMI of 0 or 24 hours were compared. In our model, synaptophysin levels were not affected
by a 24 hour PMI (t=0.92, P > 0.05) while PSD-95 levels decreased by 64.5% after a 24 hour
PMI (t = 3.8, P <0.05).

Discussion

The pattern of immunoreactivity on Western blots demonstrated by the synaptic marker
synaptophysin in human PFC generally agrees with previous studies of developmental changes
in synaptic density in the primate cerebral cortex (Huttenlocher 1979; Rakic et al. 1986; Zecevic
etal. 1989; Bourgeois and Rakic 1993). The present data suggests robust synaptogenesis during
early childhood, with synaptic density reaching a peak in late childhood, followed by the onset
of synaptic elimination (a.k.a. synaptic pruning) around early adolescence, to reach adult levels
by late adolescence. In his 1979 paper, Huttenlocher concluded that synaptic density peaked
during the first year of life in the human and that after the age of 1 year, synaptic density
persisted and declined until adolescence. However, our data show that synaptic density
increases much later into childhood, from birth until late childhood (age 10) and then decreases
throughout adolescence to reach the adult levels in the later teenage years. Our study therefore
suggests that synaptic density increases progressively throughout childhood, instead of only
during the first several years of life, as previously thought (Huttenlocher 1979). Synaptophysin
content as shown by immunohistochemistry confirmed the increasing pattern of synaptic
density in early childhood but it suggested a more stable pattern of immunoreactivity during
adolescence and into adulthood. The individual layers of the PFC exhibited comparable levels
of synaptophysin immunoreactivity, a pattern similar to that seen in a study of the human
neocortex (Masliah et al. 1990), and which is consistent with previous studies which have
shown that synaptic density is fairly equivalent across all layers (Zecevic et al. 1989). However,
two other studies (Bourgeois et al. 1994; Huttenlocher and Dabholkar 1997) have shown that
layers 2 and 3 have a higher synaptic density than layers 1 and 4-6. A more subtle pattern of
immunoreactivity between layers seen here in the immunohistochemical experiments could be
due to several factors including reduced sensitivity of immunohistochemistry compared to
Western blot and the fact that immunohistochemistry is inherently a less quantitative technique.
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Also, sectioned PFC was only available from a subset of subjects included in the Western blot
experiment (25 of 42 subjects). It is interesting that the levels of synaptophysin seen via
Western blotting and immunohistochemistry were similar during early development when
synaptogenesis is occurring while the levels of synaptophysin differed between the two
experimental methodologies mainly in the late childhood and adolescent time periods. Western
blotting involves grinding up the tissue and potentially allowing better access to the antigen
by the antibody while the antibody may not be able to access the antigen as well with
immunohistochemistry. This could reflect that synaptophysin levels are changing within
synapses at a greater level after early childhood than can readily be detected via
immunohistochemistry due to the spatial constraints of the visualization method.

PSD-95 levels also exhibited an increase from birth through late childhood by Western blot.
However, unlike synaptophysin, PSD-95 levels do not exhibit a significant decrease in late
adolescence. These results are similar to that seen in the mouse and rodent hippocampus and
cortex with Western blotting (Sans et al. 2000) and electron microscopy (Liu et al. 2004).
Because only about 60% of excitatory synapses express PSD-95 (Aoki etal. 2001), itis possible
that those excitatory synapses which do not express PSD-95 are preferentially eliminated
during adolescence. However, a recent study of cultured neurons overexpressing PSD-95
suggests that PSD-95 contributes to the synaptic maturation and stabilization of excitatory
synapses (El-Husseini et al. 2000). Therefore, increased levels of PSD-95 in adolescence and
adulthood may reflect intrasynaptic maturational/stability factors rather than a continued
increase in synaptic number, considered further below.

The simplest explanation of these results is that they reflect the pattern of synaptic development
across perinatal and postnatal cortical development. Because we see somewhat similar patterns
(i.e., increasing levels) with both synapse-associated proteins, particularly during the first ten
years of postnatal development, this data suggests that changes are due to a structure common
to both proteins, most likely the synapse, during early and late childhood. However, there are
other explanations that may also contribute to these results. The changes observed across
development, especially during adolescence when the patterns diverge between the two
proteins (synaptophysin decreasing and PSD-95 plateauing), may be due to specific
developmental changes in each protein occurring independently of synaptic development. For
example, if the synaptic concentration of PSD-95 increases with age, this could account for
the absence of a significant reduction in late adolescence. Recent data has shown that PSD-95
diffuses rapidly between synapses and PSD-95 levels determine synaptic size and strength
(Gray et al. 2006) In addition, PSD-95 is retained at synapses longer with increasing age (Gray
et al. 2006). This data, taken together with our results, suggest that the pattern of PSD-95 that
we observe during adolescence could reflect synapses becoming more stable and PSD-95 being
retained longer by synapses. Alternatively, the number of synaptic vesicles per synapse and/
or the size of the postsynaptic density may be changing across development to further explain
the pattern of synaptophysin and PSD-95 immunoreactivity, respectively. A study by
Nakamura et al. (Nakamura et al. 1999) found that early in postnatal development, the number
of synaptic vesicles per synapse matures somewhat earlier than the number of synapses,
suggesting that early levels of synaptophysin might reflect a greater density of synaptic vesicles
per synapse than represent an accurate reflection of synapses. In addition, levels of synaptic
proteins may in part reflect synaptic activity (Eastwood and Harrison 2001). In addition, the
pattern of immunoreactivity exhibited by synaptophysin parallels the pattern observed for
cerebral metabolism in human cerebral cortex from birth to late adolescence using positron
emission tomography studies (Chugani 1998). This is to be expected, as glucose metabolism
is thought to be an indirect measure of the number of synapses in the cortex and levels of
synaptophysin have been shown to correlate with glucose metabolism (Rocher et al. 2003).
Finally, the decrease in synapse density late in adolescence corresponds well with the
increasing ability to perform certain prefrontal cortical-dependent tasks (Casey et al. 2000),

Neuroscience. Author manuscript; available in PMC 2008 November 9.



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

1duasnuey Joyiny vd-HIN

Glantz et al.

Page 8

consistent with the idea that normal synaptic pruning serves to improve the efficiency of
synaptic connectivity.

A previous study in the human suggested that supragranular pyramidal neuron spine density,
a measure of excitatory synapses, continues to decrease beyond age 20 and does not plateau
at the adult level until much later in life, around age 40, at least in prefrontal area 10 and
occipital area 18 (Jacobs et al. 1997). This would suggest that if we were to continue to examine
synaptic marker levels in adults over age 25, their levels would continue to decrease until the
plateau corresponding to adult levels is attained. Indeed, Masliah et al (Masliah et al. 1993)
showed that synaptophysin levels did in fact continue to drop off slowly after age 40 and then
decrease even more later in life.

Several potentially confounding variables in the current study were considered. First, each age
group had a relatively small number of subjects which likely increased variability across groups
and limited the statistical power of the study. Variability in synaptic number may particularly
emerge in the pre-adolescent and adolescent groups given recent data indicating that 1Q
correlates with the trajectory of gray matter changes on MRI during adolescence (Shaw et al.
2006). While unavoidable in a postmortem analysis, the cross-sectional nature of the study
limits the ability to label the findings as changes across age because of individual variability
(see (Kraemer et al. 2000). The impact of postmortem stability was also considered. In rat
cortex, previous studies have shown that synaptophysin and PSD-95 levels do not exhibit
significant decreases with PMI less than 72 hours (Halim et al. 2003; Hilbig et al. 2004; Siew
etal. 2004). In human cortex, synaptophysin levels appear to be fairly robust over PMIs of less
than 84 hours (but see Vawter et al. 2002) (Honer et al. 1992; Eastwood et al. 1994; Eastwood
etal. 1994; Vawter et al. 2002). These findings are consistent with our study of the postmortem
stability of synaptophysin in rat cortex over 24 hours. However, in the human, PSD-95 showed
a significant decrease in protein levels with postmortem intervals greater than 24 hours (Siew
et al. 2004) as was also suggested by our PMI study in rat cortex. We included PMI in our
statistical model and found that PMI did not influence synaptophysin levels, but did affect
those of PSD-95, in the human.

The current study provides evidence from synaptophysin and PSD-95 in human PFC that robust
synaptogenesis occurs during the first ten years of life. Subsequent reductions in synaptophysin
indicate that a period of synaptic elimination occurs in adolescence, particularly during the
11-15 year age range, and continues until the twenties. This developmental pattern of synaptic
maturation has been proposed to allow for recovery and/or adaptation of the normal brain
(Webb et al. 2001) and for the maturation of cognitive function (Goldman-Rakic 1987). These
data shed important light on neurodevelopmental disorders such as schizophrenia, in which
the age of symptom onset overlaps with the age interval during which late developmental
refinement of synaptic connectivity is occurring. In fact, the importance of altered synaptic
elimination in the pathogenesis of schizophrenia has long been posited (Feinberg 1982-83) but
until recently, data to support even normal developmental synaptic elimination has been scarce.
Identifying the pattern of normal synaptic development of the human cortex is critical to a
better understanding of the many diseases thought to be related to synaptic maldevelopment.
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AA

African-American
ANOVA

analysis of variance
C

Caucasian
CNS

central nervous system
F

female
GA

gestational age
M

male
PMI

postmortem interval
PFC

prefrontal cortex
PSD-95

postsynaptic density protein 95
SD

standard deviation
WKS

weeks
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Figure 1.

A. Representative Western blot of synaptophysin expression in the PFC of human subjects
across development. An equal amount of total protein was added to each lane. Synaptophysin
immunoreactive bands migrated to 38 kDa. Lane 1 shows molecular weight markers. Lanes
2-8 contain samples 1 (age 18 wks gestational age), 9 (0.1 yrs), 13 (2.8 yrs), 22 (9.1 yrs), 31
(15.2 yrs), 34 (18.4 yrs) and 38 (22.8 yrs), respectively. B. Representative Western blot of
PSD-95 expression in the PFC of subjects across development. An equal amount of total protein
was added to each lane. PSD-95 immunoreactive bands migrated to 95 kDa. Lane 1 shows
molecular weight markers. Lanes 2-8 contain samples 2 (age 18 wks gestational age), 10 (0.29
yrs), 13 (2.8 yrs), 20 (8.6 yrs), 31 (15.2 yrs), 32 (16.5 yrs), and 37 (21.5 yrs), respectively.
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Figure 2.

Mean (x S.D.) synaptophysin levels in the PFC of normal subjects as measured by integrated
optical density (I0D) and separated into 7 age groups from mid-gestation until early adulthood.
Synaptophysin demonstrates developmental regulation by ANOVA (Fg 35 =9.53, P <0.0001).
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Mean (+ S.D.) PSD-95 levels in the PFC of normal subjects as measured by integrated optical
density (IOD) and separated into 7 age groups from mid-gestation until early adulthood.
PSD-95 demonstrates developmental regulation by ANOVA (Fg 35 = 3.20, P < 0.05).
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Figure 4.
A. Brightfield photomicrograph montage from PFC area 46 of Nissl staining in a 20 um section

from a 14 year old subject. B. Brightfield photomicrograph from PFC area 46 of synaptophysin
staining in a nearly adjacent 20 um section from the same 14 year old subject. Calibration bar
=250 pm.
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Figure 5.

Brightfield photomicrograph from PFC area 46 of synaptophysin immunoreactivity in a 20
um section from a 13.3 year old subject. P denotes pyramidal neurons which are outlined by
synaptophysin immunoreactivity. Calibration bar = 20 um.
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Figure 6.

Mean (+ S.D.) adjusted optical density (Adj OD) measures of synaptophysin immunoreactivity
in 20 um sections in the PFC of normal subjects as a function of age.
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Figure 7.

Mean adjusted optical density measures of synaptophysin levels in the PFC of normal subjects
across age for the cortex as a whole and for each individual cortical layer.
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