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Abstract

In the primate prefrontal cortex (PFC), the functional maturation of the synaptic connections of
certain classes of GABA neurons is very complex. For example, the levels of both pre- and post-
synaptic proteins that regulate GABA neurotransmission from the chandelier class of cortical
interneurons to the axon initial segment (AIS) of pyramidal neurons undergo marked changes
during both the perinatal period and adolescence in the monkey PFC. In order to understand the
potential molecular mechanisms associated with these developmental refinements, we quantified
the relative densities, laminar distributions, and lengths of pyramidal neuron AIS immunoreactive
for ankyrin-G, BIV spectrin, or gephyrin, three proteins involved in regulating synapse structure
and receptor localization, in the PFC of rhesus monkeys ranging in age from birth through
adulthood. Ankyrin-G- and RV spectrin-labeled AIS declined in density and length during the
first six months postnatal, but then remained stable through adolescence and into adulthood. In
contrast, the density of gephyrin-labeled AIS was stable until approximately 15 months of age and
then markedly declined during adolescence. Thus, molecular determinants of the structural
features that define GABA inputs to pyramidal neuron AIS in monkey PFC undergo distinct
developmental trajectories with different types of changes occurring during the perinatal period
and adolescence. In concert with previous data, these findings reveal a two-phase developmental
process of GABAergic synaptic stability and GABA neurotransmission at chandelier cell inputs to
pyramidal neurons that likely contributes to the protracted maturation of behaviors mediated by
primate PFC circuitry.
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Introduction

The primate cerebral cortex contains diverse subpopulations of GABA-containing
interneurons which differ in their morphological, physiological, and molecular attributes
(Ascoli et al., 2008). The resulting specialized functions enable each subpopulation to
differentially regulate the activity of excitatory pyramidal neurons (Markram et al., 2004;
McBain and Fisahn, 2001). For example, the axon terminals of chandelier (axo-axonic)
neurons form distinctive vertical arrays (termed cartridges) that synapse on the axon initial
segment (AIS) of pyramidal neurons (Somogyi, 1977), near the site of axon potential
generation. A single chandelier cell may innervate over 200 pyramidal neurons (Somogyi et
al., 1982), enabling them to contribute to the synchronization of activity in local networks of
pyramidal neurons (Klausberger et al., 2003). In addition, due to site-specific regulation of
ClI-ion transport in pyramidal neurons, GABA inputs from chandelier cartridges can, under
certain conditions, produce pyramidal neuron depolarization sufficient to fire an action
potential (Szabadics et al., 2006; Khirug et al., 2008).

In the monkey prefrontal cortex (PFC), the density of symmetric, presumably GABA,
synapses rises rapidly during the third trimester of gestation and perinatal period until stable,
adult levels are achieved at three months postnatal (Bourgeois et al., 1994). In contrast, pre-
and post-synaptic markers of the functional properties of chandelier axon inputs to the AIS
of pyramidal neurons exhibit a very protracted maturation. Pre-synaptically,
immunoreactivities for the calcium-binding protein parvalbumin (PV) and the GABA
membrane transporter (GATL) in chandelier axon cartridges are not detectable or low at
birth, rise (albeit with different developmental time courses) to peak levels early in postnatal
development that are sustained until ~15 months of age, and then rapidly decline during
adolescence until stable adult levels are achieved (Anderson et al., 1995; Condé et al., 1996;
Cruz et al., 2003). Since chandelier cartridges in the monkey PFC are readily visualized with
Golgi staining across postnatal development (Lund and Lewis, 1993), these changes in PV
and GAT1 immunoreactivity are likely to reflect shifts in the concentration of these proteins
rather than changes in the presence of, or in the density of axon terminals within, chandelier
axon cartridges (Cruz et al., 2003). Post-synaptically, GABA receptors containing a2
subunits predominate in pyramidal neuron AIS especially in cortical layers 2-4 (Loup et al.,
1998). The density of pyramidal neuron AlS immunoreactive for a, subunits is high at birth,
then significantly declines during adolescence before achieving stable adult levels (Cruz et
al., 2003). These findings indicate that both preand postsynaptic markers of GABA
neurotransmission undergo significant changes during postnatal development, suggesting
that the capacity to synchronize pyramidal neuron output in the PFC might be in substantial
flux until adulthood. Interestingly, the time course of these changes parallels the maturation
of performance on cognitive tasks (Luna et al., 2004; Crone et al., 2006), such as working
memory, that are dependent on GABA neurotransmission in the dorsolateral PFC (Rao et
al., 1999; Rao et al., 2000; Sawaguchi et al., 1989).

However, understanding the nature and functional significance of these changes requires
knowledge of the developmental changes in other processes that affect GABA
neurotransmission at pyramidal neuron AlS. Of particular interest is how GABA synapses
are stabilized at the AIS while the functional properties of GABA neurotransmission at this
location are changing during postnatal development. The localization to pyramidal neuron
AIS of proteins that regulate synapse structure and receptor clustering provides a means to
address this question. For example, the 480- and 270-kDa isoforms of ankyrin-G, members
of a class of adaptor molecules that link various membrane proteins to the cytoskeleton, are
localized to AIS and nodes of Ranvier, including cortical pyramidal neurons (Kordeli et al.,
1995). Interestingly, interactions between ankyrin-G and the cell adhesion molecule,
neurofascin, are required for the formation and stabilization of GABA synapses at the AIS
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of cerebellar Purkinje neurons (Ango et al., 2004). In addition, BIV spectrin, which is
localized to the AIS of pyramidal neurons through its direct interaction with ankryin-G
(YYang et al., 2007), is a critical component in the organization and stabilization of
membrane proteins at the AIS (Berghs et al., 2000; Lacas-Gervais et al., 2004; Yang et al.,
2004). Thus, ankyrin-G and RIV spectrin, by contributing to the formation and stabilization
of membrane protein microdomains (Bennett and Baines, 2001), may play a role in
localizing and stabilizing the terminals of chandelier axons to the AIS of pyramidal neurons
during development.

In conjunction with the formation of symmetric synapses at pyramidal neuron AlS, the
aggregation of GABA, receptors containing ay subunits at this site may be regulated during
development by the scaffolding protein gephyrin (Levi et al., 2004; Jacob et al., 2005;
Fritschy et al., 2008). Gephyrin forms clusters only in the presence of GABAA, receptors,
and facilitates the preferential accumulation of gephyrin-GABA receptor clusters
postsynaptic to inhibitory terminals (Studler et al., 2005). The experimental removal of
gephyrin reduces GABA receptor clustering (Yu et al., 2007), and of particular relevance,
the clustering of ay-containing GABA receptors is facilitated by the direct binding of ay
subunits and gephyrin (Tretter et al., 2008). Finally, the indirect interaction of gephyrin with
the cell adhesion molecule neurofascin appears to be important in the targeting of GABA
terminals to pyramidal neuron AIS (Burkarth et al., 2007). Thus, changes in gephyrin in
pyramidal neuron AlS are likely to reflect the development of GABA synapses at this site.

Consequently, in order to understand the contribution of ankyrin-G, BIV spectrin, and
gephyrin to the maturation of chandelier axon inputs, we examined the densities, laminar
distribution, and length of pyramidal neuron AIS immunoreactive for these proteins in the
PFC from rhesus monkeys ranging in age from birth to adulthood.

Materials and Methods

Animals

Thirty-three rhesus macaque monkeys (Macaca mulatta), ranging in age from 2 days to 18
years, were used in this study (Table 1). Animals were divided into 7 age groups as
previously described (Erickson and Lewis, 2002). Housing and experimental procedures
were conducted in accordance with USDA and NIH guidelines and with the approval of the
University of Pittsburgh's Institutional Animal Care and Use Committee. The acquisition of
these animals has been previously described (Erickson and Lewis, 2002). Animals less than
6 months of age were housed with their mothers; juveniles 6-24 months were housed in
groups, and animals older than 24 months were housed either in pairs, or in single cages, in
the same social setting. All animals were experimentally naive at the time of perfusion.

Tissue preparation and immunocytochemistry

Monkeys were anesthetized with ketamine (25 mg/kg) and pentobarbital (30 mg/kg), and
then perfused transcardially with 1% paraformaldehyde in phosphate buffer (pH 7.4) at 4°C
followed by 4% paraformaldehyde in phosphate buffer, as previously described (Oeth and
Lewis, 1993). The brain was immediately removed, cut into blocks, and immersed in
buffered 4% paraformaldehyde. Tissue blocks were immersed in increasing gradients of
sucrose solutions and stored in a cryoprotectant solution at -30°C (Cruz et al., 2003). We
have previously shown that tissue storage under these conditions for extended periods of
time does not affect immunoreactivity for a number of proteins (Erickson et al., 1998; Pierri
etal., 1999; Cruz et al., 2003). Tissue blocks containing the left PFC were sectioned
coronally at 40 um and every 10™ section was stained for Nissl substance with thionin.
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These sections were used to identify the location of PFC area 46 on the dorsal bank of the
principal sulcus according to cytoarchitectonic criteria (Walker, 1940).

Floating tissue sections containing area 46 were processed with each of the following three
antibodies: 1) A monoclonal mouse IgG antibody (1:200 dilution) raised against an epitope
in the spectrin-binding domain (amino acids 893-1474) of the 480 kDa and 270 kDa
isoforms of ankyrin-G (clone 4G3F8; catalog # sc-12719; Santa Cruz Biotechnology, Inc,
Santa Cruz, CA) was demonstrated to be specific by the absence of immunoreactivity in
sections from ankyrin-G knock-out mice (Jenkins et al., 2001; Jenkins and Bennett, 2001;
Zhou et al., 1998). 2) A polyclonal rabbit 1gG antibody (1:750 dilution) raised against the
amino acid sequence 2237-2256 corresponding to the specific domain (SD) of BIV spectrin
(Berghs et al., 2000) was demonstrated to be specific by the absence of immunoreactivity in
the cerebral cortex of mice with a point mutation in the SD region of IV spectrin [clone
C9831-3c provided by Dr. Matthew Rasband (Yang et al., 2004)]. 3) A polyclonal goat anti-
gephyrin antibody (1:200 dilution) directed against the C-terminus of the protein (amino
acids 710-760; clone R-20; catalog # sc-6411; Santa Cruz Biotechnology, Inc, Santa Cruz,
CA) labeled a single band of the appropriate molecular weight in Western blots of mouse
and rat brain tissue as reported by the vendor. Additionally, preadsorption of the antibody
with an excess of gephyrin peptide prior to exposure to the tissue abolished specific
immunoreactivity (data not shown).

Sections processed for ankyrin-G were incubated for 1 hour in a blocking solution of 0.3%
Triton-X 100, 5% normal donkey serum (NDS), 1% bovine serum albumin (BSA), 0.1%
lysine, and 0.1% glycine in 0.1M phosphate buffered saline (PBS; pH 7.4), followed by
incubation in the blocking solution containing the primary antibody for 48 hours at 4°C.
Sections were rinsed in 0.1M PBS followed by a 1 hour incubation in a biotinylated donkey
anti-mouse secondary antibody (1:250; Vector Laboratories, Burlingame, CA) in the
blocking solution. Sections were processed using the avidin-biotin peroxidase method (Hsu
et al., 1981; Vector Laboratories, Burlingame, CA) and immunoreactivity for ankyrin-G was
visualized with a diaminobenzidine reaction product followed by osmium tetroxide
stabilization (Lewis et al., 1986) and silver nitrate and gold chloride intensification (Pucak et
al., 1996).

Antigen retrieval methods were used to visualize BIV spectrin-SD and gephyrin
immunoreactivity (Jiao et al., 1999). Tissue sections were immersed in a 0.01M sodium
citrate solution (pH 8.5) at 80°C in a water bath for 75 minutes, cooled to room temperature,
rinsed in 0.1M phosphate buffer (pH 7.4), and incubated in 1% NaBH, for 30 minutes. After
several rinses over 30 minutes, sections were pretreated in a blocking solution containing
0.3% Triton-X 100, 4.5% normal donkey serum, and 4.5% normal human serum in .05M
PBS, followed by incubation in the primary antibody prepared in a blocking solution
containing 0.3% Triton-X 100, 3% NDS, 3% normal human serum, and .05% BSA in 0.1M
PBS for 48 hours at 4°C. Sections were rinsed in 0.1M PBS (pH 7.4) and incubated in
biotinylated donkey anti-rabbit secondary antibody (1:200; Vector Laboratories,
Burlingame, CA) for 1 hour. Sections were processed using the avidin-biotin peroxidase
method ((Hsu et al., 1981); Vector Laboratories, Burlingame, CA) and immunoreactivity for
BIV spectrin-SD was visualized with a diaminobenzidine reaction product followed by
osmium tetroxide stabilization (Lewis et al., 1986) and silver nitrate and gold chloride
intensification (Pucak et al., 1996).

Two sets of three adjacent sections per subject, with each set separated by approximately
400 um, were used in these studies. Within each set, one section was processed for ankyrin-
G, BIV spectrin-SD, and gephyrin immunoreactivity. For each antibody, one section from
each monkey was processed together in the same immunocytochemistry run.
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Quantification of labeled cartridges and AIS

We first determined the relative densities of ankyrin-G-, BIV spectrin-SD-, and gephyrin-
immunoreactive (IR) AIS across all cortical layers in PFC area 46. For each section, a
contour was drawn around the portion of the dorsal bank of the principal sulcus that was cut
perpendicular to the pial surface. Using the Stereo Investigator fractionator program
(MicroBrightfield, Inc., Colchester, VT), a sampling grid was randomly placed over the
contour. A counting frame within each grid square defined the area to be quantified. The
sampling grid and counting frame sizes, respectively, were as follows: for ankyrin-G-IR
AIS, 450 um x 450 um and 75 pm x 75 um; for BIV spectrin-SD-IR AIS, 450 um x 450 um
and 65 um x 65 um; and for gephyrin-IR AIS, 300 um x 300 um and 100 um x 100 pum.
Labeled AIS were identified according to previously published criteria (Cruz et al., 2003) as
distinct, intensely immunoreactive vertical structures, located immediately below the cell
body of unlabeled pyramidal neurons and tapering in diameter in the direction from the pial
surface to the white matter (Fig. 1). Using a 40x PlanApo objective, all AlS that met criteria
and fell within the inclusion boundaries of a counting frame were identified on a monitor at
a final magnification of 960x.

A total of 10,405 ankyrin-G-IR AlS, 18,900 IV spectrin-SD-IR AlS, and 6,315 gephyrin-
IR AIS were counted in this study. The total number of labeled AIS counted per animal
ranged from 22 to 412 for ankyrin-G-IR AlS, 72 to 471 for BIV spectrin-SD-IR AIS, and 6
to 245 for gephyrin-IR AIS. The sampling parameters resulted in mean (+ SD) coefficients
of error (CE) of .09 £ .02 for ankyrin-G-IR AlS, .07 + .02 for BIV spectrin-SD-IR AIS, and .
18 + .04 for gephyrin-IR AlS. The higher CE for gephyrin-IR AlS reflects the very low
numbers of gephyrin-IR AIS in some age groups, as well as the restricted laminar
distribution, which resulted in greater variability in numbers of these profiles across
counting frames.

Gephyrin-IR and ankyrin-G-IR AIS were quantified by E.M.L. and BIV spectrin-SD-IR AIS
were quantified by S.D.S. The slides were coded so that the rater was blind to the subject
number and age of each specimen. The intra-rater reliability of AIS counts was confirmed
by intra-class correlation coefficients (ICC) of .991 (95% confidence interval [CI] = .949-.
998) for ankyrin-G-IR AlS, .991 (95% CI = .954-.998) for IV spectrin-SD-IR AlS, and .
996 (95% CI = .976-.999) for gephyrin-IR AIS. The ICC for inter-rater reliability of AIS
counts between D.A.C. and E.M.L. for ankyrin-G-IR and gephyrin-IR AIS were .932 (95%
Cl =.726-.983) and .975 (95% CI = .876-.995), respectively. The ICC for inter-rater
reliability of AIS counts between D.A.C. and S.D.S. for BIV spectrin-SD-IR AIS was .985
(95% CI =.940-.996).

In order to determine the laminar distribution of gephyrin-IR and ankyrin-G-IR AIS in the
same portion of area 46, a second analysis was performed using the Neurolucida program
(MicroBrightfield, Inc., Colchester, VT). For each section, using a 40x PlanApo objective,
the location of all labeled structures of interest were identified on a video monitor (final
magnification = 960x) and plotted in a 450-um-wide pia to white matter traverse at the
midpoint of the dorsal bank of the principal sulcus. The labeled AIS were then separated
into cortical layers based upon the percent of cortical depth, as determined from adjacent
Nissl-stained sections.

To assess whether age differences in density were influenced by changes in length of the
labeled structures, we measured the lengths of ankyrin-G-IR, BIV spectrin-SD-IR, and
gephyrin-IR AIS in the three age groups (groups 1, 5 and 7) that showed the largest
differences in density of labeled AlS. Using the Neurolucida program and a 100x oil-
immersion objective, 25 AIS per subject in layers 2 and 5 of area 46, as identified from
adjacent Nissl sections, were traced from a video monitor at a final magnification of 2400x.
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Statistical analyses

For the regional density measures, analyses of variance (ANOVAs) were conducted with the
cortical density of AIS as the dependent variable and age group as the main effect. In the
laminar distribution analysis, an ANOVA was conducted for each cortical layer measured,
with the mean percent of labeled AIS in that layer as the dependent variable and age group
as the main effect. For the length measurements, an ANOVA was conducted for each
cortical layer measured, with the length of labeled AlIS in a layer as the dependent variable
and age group as the main effect. For each ANOVA with a significant result, the Least
Significant Difference post-hoc test was used to compare the differences between age
groups, with a = .05.

Photography

The photomicrographs presented in this study were generated using a Zeiss Axiocam
camera. Photomontages were assembled and brightness and contrast were adjusted in Adobe
Photoshop.

Results

Morphology of ankyrin-G-, BIV spectrin-SD-, and gephyrin-labeled structures

Ankyrin-G-IR AlS appeared as intensely labeled, vertically-oriented structures that were
widest just below the unlabeled soma of pyramidal neurons and progressively tapered in
diameter with increasing distance from the soma (Fig. 1A). Ankyrin-G-IR AlS in the
youngest monkeys appeared to be much longer than those in the adult monkeys (Fig. 2C,D).
A small number of ankyrin-G-labeled structures, most prominent in layer 1 (Fig. 2A), were
quite thin and tortuous, and because they lacked the distinctive features of AlS, they were
not quantified. Ankyrin-G immunoreactivity was also present in small punctate structures in
the cortex (Fig. 1A) and most predominantly in the white matter. These punctate structures
likely represent the presence of ankyrin-G at nodes of Ranvier in myelinated axons (Jenkins
and Bennett, 2002;Zhou et al., 1998).

The appearance of BIV spectrin-SD-IR AIS was quite similar to that of ankyrin-G-IR AlS:
intensely-labeled, vertically-oriented structures that tapered with increasing distance from
the soma (Fig. 1B). BIV spectrin-SD-IR AlS appeared to be the longest in the youngest
monkeys and to shorten with increasing age (Fig. 3C,D). BIV spectrin-SD immunoreactivity
was also present in small punctate structures in the cortex (Fig. 1B) with a much greater
density of punctate labeling in the white matter; these punctate profiles likely reflect the
presence of BIV spectrin-SD at nodes of Ranvier (Berghs et al., 2000;Yang et al., 2007).

Gephyrin-IR AIS also were identified as thin, tapering, vertically-oriented structures located
below the unlabeled cell bodies of pyramidal neurons (Fig. 1C; Fig. 4). In contrast to
ankyrin-G and BIV spectrin-SD (Fig. 1A,B), gephyrin immunoreactivity in AIS appeared as
aggregates of punctate labeling (Fig. 1C). In addition, isolated gephyrin-IR puncta were
present in the cortical neuropil (Fig. 1C), presumably reflecting its association with GABAp
receptors at locations other than the AlIS, but not in the white matter. Gephyrin-IR AIS also
appeared to be shorter than both ankyrin-G-IR and 1V spectrin-SD-IR AlS, especially in
the youngest animals (compare Figs. 2C, 3C and 4C).

Overall cortical densities of ankyrin-G- and gephyrin-IR AIS

Qualitative impressions of age-related differences in the relative density of ankyrin-G-IR
AIS (Fig. 2) were confirmed by blinded quantitative analyses. As shown in Figure 5A, the
density of ankyrin-G-IR AIS was greatest at birth and then progressively declined until
about 4 years of age. ANOVA revealed a significant (Fg 26 = 10.28, P <.001) effect of age
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group on ankyrin-G-IR AIS density (Fig. 5B). Post hoc analyses (Fig. 5B) revealed a
significant 67% decline in ankyrin-G-IR AlS density between the animals <1 month of age
(age group 1) and those 3-4 years of age (age group 6).

The general developmental trajectory of BIV spectrin-SD immunoreactivity (Fig. 3) in area
46 was similar to that of ankyrin-G, although the slope of the early developmental decline in
density appeared to be steeper for BIV spectrin-SD. The density of BIV spectrin-SD-IR AIS
was greatest immediately after birth, and then declined until approximately 5 months
postnatal when the labeled AIS reached a density that remained stable through adulthood
(Fig. 5C). ANOVA revealed a significant (Fg 26 = 33.13, P <.001) effect of age group on
BIV spectrin-SD-IR AlS density (Fig. 5D); significant declines in BIV spectrin-SD-IR AIS
density between the <1 month old (age group 1), 1-3 month old (age group 2), and 5-7
month old (age group 3) animals was confirmed by post hoc analyses (Fig. 5D). The density
of BIV spectrin-SD -IR AlS was 40% lower in age group 3 than in age group 1.

The relative density of gephyrin-IR AIS (Fig. 4) also decreased substantially during
postnatal development, but with a different trajectory than either ankyrin-G or IV spectrin-
SD. Although variable across animals, gephyrin-IR AlS density did not appear to change
through the first year or two postnatal, but then sharply declined through adolescence and
into adulthood (Fig. 5E). ANOVA showed a significant (Fg 26 = 12.58, P <.001) effect of
age group on gephyrin-IR AlS density, and post hoc analyses revealed significant declines
in gephyrin-IR AIS density at 2 years of age and after 4 years of age (Fig. 5F). Relative to
the first 7 months of life (age groups 1-3), the densities of gephyrin-IR AIS were
approximately 40% lower in adolescent monkeys (age groups 5 and 6) and approximately
80% lower in adult monkeys more than 5 years old (age group 7).

Laminar distributions of ankyrin-G-, BIV spectrin-SD-, and gephyrin-IR AIS

Ankyrin-G-IR structures meeting criteria for labeled AIS were present in layers 2 through 6
in all animals (Fig. 6A). Quantitative analyses showed that the percentage of AlS did not
differ across postnatal development in layer 3 (Fg 26 = 2.1, P = .086), layer 4 (Fg 26 = 1.125,
P =.376), or layers 5-6 (Fg 26 = 0.6, P = .763); in contrast, the percentage of ankyrin-G-IR
AIS in layer 2 did significantly differ (Fg 26 = 4.9, P = .002) as a function of age. Post-hoc
analysis revealed that the percentage of labeled AIS in layer 2 was slightly but significantly
(P <.001 - .043) greater in age group 6 than in each of the younger age groups, but did not
differ from age group 7. BIV spectrin-SD-IR AIS were also present in layers 2 through 6 in
all animals (Fig. 6B), with a laminar distribution similar to that found for ankyrin-G-IR AIS
(Fig. 6A) and without evidence of a shift in laminar distribution with age.

In animals less than 1 month of age, gephyrin-IR AIS were present primarily in layers deep
3 and 4, with a lower density in layers 5-6 (Fig. 6C). From 1 month to 2 years of age, the
percentage of labeled AIS in these layers remained high, and the number of labeled AIS
progressively increased in layer 2. After 2 years of age, the density of gephyrin-IR AIS in
the middle and deep cortical layers substantially decreased, such that in adolescent (3-4
years of age) and adult (>5 years of age) animals, labeled AlS formed bands in layers 2 and
4, with a lower density in layer 3. Quantitative analyses revealed that the mean percentage of
AIS did not significantly differ with age in layers 2 (Fg 26 = 1.2, P = .323) or 3 (Fg 26 = 0.6,
P =.730). However, the mean percentage of gephyrin-IR AlIS significantly increased during
postnatal development in layer 4 (Fg 26 = 2.9, P = .025) and declined in layers 5-6 (Fg 26 =
5.4, P =.001).
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Length of AIS

The lengths of AIS immunoreactive for ankyrin-G, BIV spectrin-SD, or gephyrin measured
in cortical layers 2 and 5 (Fig. 7) revealed significant differences across age groups 1 (<1
month of age), 5 (2-3 years of age), and 7 (>5 years of age). The length of ankyrin-G-IR AIS
significantly differed with age in both layer 2 (F; 14=31.1, P <.001) and layer 5 (F2 14 =
20.8, P <.001). Post-hoc analyses revealed that in layer 2, labeled AlS length significantly
decreased from age group 1 to age groups 5 and 7 (Fig. 7A), whereas in layer 5 the length of
labeled AIS progressively decreased with age across all three age groups (Fig. 7B). The
length of BIV spectrin-SD-IR AIS also significantly differed with age in both layer 2 (F5 15
=20.9, P <.001) and layer 5 (F2 1g = 39.0, P <.001), and post-hoc analyses revealed that the
length significantly decreased with age across all three age groups in both layers (Fig. 7C,
D). In contrast, the length of gephyrin-IR AIS (Fig. 8E, F) did not differ as a function of age
in either layer 2 (Fp 14 = 2.3, P =.141) or layer 5 (Fp 14 = 1.2, P =.341).

Discussion

These findings demonstrate that pyramidal neuron AIS immunoreactive for ankyrin-G, BIV
spectrin-SD or gephyrin in the monkey PFC undergo substantial changes in relative density,
laminar distribution and/or length during postnatal development. Furthermore, differences
among the developmental trajectories of these and other markers of chandelier cell inputs to
pyramidal neurons (Anderson et al., 1995; Cruz et al., 2003) suggest that the maturation of
the molecular mechanisms that influence GABA neurotransmission at the AIS of pyramidal
neurons is a complex and protracted process in primates (Fig. 8).

In the monkey PFC, the density of GABA synapses increases markedly during the last
trimester of gestation and first 3 months of postnatal life, achieving a stable level that is
maintained through adolescence and into adulthood (Bourgeois et al., 1994). In contrast,
markers of the functional properties of inhibitory synapses, as well as electrophysiological
features, substantially change during adolescence in monkey PFC (Cruz et al., 2003;
Erickson and Lewis, 2002; Nguyen et al., 2006). These findings are supported by the
observation that the expression of mRNA for GABA synthesizing enzymes also change
during adolescence in human PFC (Huang et al., 2007). Together, these observations
suggest that the developmental changes observed in the densities of labeled AlS reflect age-
related differences in the molecular architecture of this structure.

Excitatory synapses also substantially increase in density from the third trimester of
gestation through the third month postnatal and retain this elevated level until ~1.5 years of
age; density then declines markedly during adolescence before stable adult levels are
achieved (Bourgeois et al., 1994; Anderson et al., 1995). Interestingly, excitatory synapses
in monkey PFC appear to become functionally mature before the adolescence-associated
decline in number (Gonzalez-Burgos et al., 2008). Thus, inhibitory and excitatory synapses
exhibit different patterns of structural and functional maturation in the primate PFC,
suggesting the presence of age-related differences in how inhibitory-excitatory balance is
maintained. These developmental changes are particularly important at the AIS of pyramidal
neurons where GABA inputs from chandelier neurons can exert potent inhibitory or
excitatory effects (Klausberger et al., 2003; Szabadics et al., 2006). The findings of the
present study provide insight into the role of several post-synaptic proteins in the maturation
of these GABA inputs.

Developmental trajectories of AIS markers

The greatest densities of ankyrin-G-IR, BIV spectrin-SD-IR, and gephyrin-IR AIS were
present immediately after birth (Fig. 8). Ankyrin-G localizes and retains the cell adhesion
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molecule, neurofascin 186, to the AIS of projection neurons (Ango et al., 2004;Boiko et al.,
2007). Through its interaction with ankyrin-G, neurofascin 186 is responsible for the
recruitment of GABA synapses to the AIS of cerebellar purkinje neurons (Ango et al.,
2004). If this same mechanism is operative in cortical pyramidal neurons, then the high
density of AIS with detectable levels of ankyrin-G immunoreactivity in the first three
postnatal months may reflect the recruitment to this location of a portion of the large number
of GABA synapses that are formed in the PFC during this developmental epoch (Bourgeois
et al., 1994). Binding to ankyrin G is also essential for the localization of many other
membrane proteins to the AIS (Susuki and Rashand, 2008), including the voltage-gated Na*
channels that are required for action potential generation (Zhou et al., 1998). Thus, the high
levels of ankyrin G immunoreactivity may also indicate an increased capacity of pyramidal
neurons for repetitive firing that parallels their increase in excitatory inputs during early
postnatal development (Bourgeois et al., 1994;Anderson et al., 1995).

The parallel relative densities of ankyrin-G-IR and BIV spectrin-SD-IR AlS likely reflect
that ankyrin-G is required for the recruitment of BIV spectrin to AIS (Yang et al., 2007).
Although BIV spectrin is not essential for the formation of the AlS, it does appear necessary
for maintenance of membrane structure and molecular organization (Lacas-Gervais et al.,
2004), and thus the stability (Yang et al., 2007), of AIS. Given the general role of spectrins
in maintaining membrane integrity and elasticity (Susuki and Rashand, 2008), high levels of
BIV spectrin during early postnatal development might insure the stability of AIS structure
while prefrontal cortical thickness is increasing (Rabinowicz, 1974; Giedd et al., 1999).

The densities of both ankyrin-G- and BIV spectrin-SD-IR AlS significantly declined
between 3 and 5 months of age, but then remained stable during the remainder of
development, including adolescence (Fig. 5B,D). The parallel decline in these markers
immediately follows the establishment of adult densities of symmetric synapses in monkey
PFC (Bourgeois et al., 1994). These comparisons suggest that once GABA synapses are
recruited to the AIS via the interaction of ankyrin-G, neurofascin 186, and BIV spectrin-SD
(Ango et al., 2004; Davis and Bennett, 1984; Bennett and Baines, 2001), reduced levels of
ankyrin-G and BIV spectrin-SD (reflected in a lower number of AIS with detectable levels
of immunoreactivity) are able to sustain a steady-state number of GABA synapses.

The high density of gephyrin-IR AIS during early postnatal development is accompanied by
a high density of AIS immunoreactive for GABA receptors containing the a, subunit (Cruz
et al., 2003), consistent with the role of gephyrin in clustering this type of GABA receptor
(Tretter et al., 2008). In contrast, during this same developmental epoch, the densities of
parvalbumin (PV)-IR and GABA membrane transporter (GAT1)-IR chandelier cell axon
cartridges (Cruz et al., 2003) are very low (Fig. 8). At presynaptic terminals, PV is thought
to reduce Ca?*-dependent GABA release (Vreugdenhil et al., 2003) and the amount of
GATL1 is inversely correlated with the availability of GABA at the synapse (Mager et al.,
1993; Isaacson et al., 1993). Together, these findings suggest that both the release of GABA
from chandelier axon cartridges, and its persistence in the extracellular space at AlS, is very
high during early postnatal development. In concert with the high density of both gephyrin-
IR and GABA, Bo-IR AlS, these findings suggest that both pre- and post-synaptic factors
are shifted to maximize GABA neurotransmission at pyramidal cell AIS during the first
months of postnatal development. This convergence of factors likely promotes the formation
and stabilization of synapses at this site as suggested by the findings that the expression of
the 67 kD form of glutamic acid decarboxylase, the principal determinant of GABA levels,
is essential for the development of GABA axons and synapses, at least in cortical basket
neurons (Chattopadhyaya et al., 2007). Furthermore, since gephyrin and GABA, receptors
containing the o subunit preferentially form clusters opposite GABA terminals, high levels
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of gephyrin may enhance the stability of these GABA, receptor clusters by limiting their
diffusion and by confining them to the synapse (Studler et al., 2005; Jacab et al., 2005).

The density of gephyrin-IR AlS remained high through the first two years postnatal, but then
markedly declined from approximately 2 to 4 years of age (Fig. 8), the period of adolescence
in macaque monkeys. This trajectory strikingly parallels those of both pre- (PV and GAT1)
and post- (GABA receptor a2 subunit) synaptic markers of GABA inputs to the AIS (Cruz
et al., 2003). Together, these findings suggest a marked adolescence-related shift in the
chandelier cell regulation of pyramidal neuron output. Recent molecular and
electrophysiological findings indicate that the developmental shift in GABA, receptors
from a predominance of 02 to al subunits (Fritschy et al., 1994) continues through
adolescence in monkey PFC (Nguyen et al., 2006). Since gephyrin preferentially clusters
with GABA, receptors containing o2, but not a1, subunits (Tretter et al., 2008), the decline
in gephyrin immunoreactivity may reflect a substitution of a1 for a2 subunits at the AIS
during adolescence. Since al-containing GABA receptors are associated with a much faster
decay of inhibitory postsynaptic currents than those containing a2 subunits (Farrant and
Nusser, 2005), these findings (in concert with an increased availability of extracellular
GABA due to reductions in presynaptic PV and GAT1), suggest that both the speed and
strength of GABA neurotransmission at the AIS markedly increase during adolescence.
Given the importance of prefrontal GABA neurotransmission in working memory (Rao et
al., 1999;Rao et al., 2000;Sawaguchi et al., 1989), these changes might contribute to the
improved working memory performance that occurs during adolescence in primates (Luna et
al., 2004;Crone et al., 2006;Diamond, 2002).

Ankyrin-G-IR and gephyrin-IR AIS exhibited shifts in their laminar distributions across
postnatal development, indicating that subpopulations of pyramidal neuron AIS might be
differentially regulated by GABA inputs at any given age. For example, the increased
percentage of ankyrin-G-IR AIS in layer 2 during adolescence suggests that a subpopulation
of corticocortically projecting pyramidal neurons experience adolescence-related
refinements in the number of GABA inputs to the AIS. In addition, the laminar distribution
of gephyrin-IR AlS also changed substantially across development (Fig. 6). These findings
suggest that pyramidal neurons with different projection targets (Jones, 1984) also differ in
their need for GABA regulation at the AIS across development, an interpretation supported
by the observation of cell type and laminar differences in the number of symmetric,
presumably GABA, synapses at pyramidal neuron AIS in adult primate cortex (Farinas and
DeFelipe, 1991). Consistent with this interpretation, other studies suggest that there may
also be heterogeneity in the chandelier subclass of GABAergic neurons. For example, the
detectability of chandelier neuron axon terminals (cartridges) with different biochemical
markers differs both across (Lewis et al., 1989;Akil and Lewis, 1992;Condé et al., 1996) and
within cortical regions (Lewis and Lund, 1990).

During the first postnatal month, the mean lengths of ankyrin-G-IR and BIV spectrin-SD-IR
AIS were approximately twice that of gephyrin-IR AIS (Fig. 7), a difference that
disappeared with age. This marked difference in length during early development may
reflect incomplete myelination of the PFC as both ankyrin-G and BIV spectrin-SD are
localized to the myelin-free AIS and nodes of Ranvier (Hedstrom and Rasband, 2006). Thus,
as myelination of projection neuron axons progresses, the distribution of proteins that define
the AIS, and its presynaptic inputs, becomes more restricted. Consistent with this
interpretation, the length of markers of pre-synaptic chandelier neuron axon cartridges, such
as GAT1 and PV immunoreactivity, also declines with age (Cruz et al., 2003). The
developmental changes in length of ankyrin-G immoreactivity might also reflect an activity-
dependent plasticity of AIS structure that, by shifting the location of voltage-gated Na*
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channels, adjusts the proximity of the site of action potential generation to the cell body and
hence the firing efficacy of the neuron (Kuba et al., 2006).

In contrast to the measures of ankyrin-G-IR and BIV spectrin-SD-IR AlS, the length of
gephyrin immunoreactivity within AIS did not change with age. Gephyrin facilitates the
localization of GABA receptors containing the oy subunit to the AIS of pyramidal neurons
by restricting the lateral mobility of GABA receptor clusters to the synapse (Jacob et al.,
2005); thus, the location of clusters of GABAA, receptors in the AlIS appears to be constant
across development, an interpretation supported by the absence of a change with age in the
length of AIS immunoreactive for GABA receptor o, subunits (Cruz et al., 2003).

Methodologic considerations

The quantification of labeled AIS density in this study utilized a systematic and random
approach in order to reduce sampling bias. However, the total number of IR structures could
not be estimated due to the unavailability of all of area 46 for study; thus, because area 46
was not uniformly sampled, these results may not apply to the entire region. On the other
hand, the different postnatal developmental trajectories of ankyrin-G-, IV spectrin-SD-, and
gephyrin-IR AIS densities suggest that the results are not due to systematic confounds in
sampling.

The density estimates of labeled AIS may have been affected by changes in cortical volume
that occur during postnatal development (Giedd et al., 1999; Sowell et al., 2001). Although
cortical thickness did not significantly differ across age groups (Fg 33) = .688, p = .661),
comparisons between age groups 1 and 4 (birth to pre-adolescence) and age groups 4 and 7
(preadolescence to adult), revealed a 3.6% increase and a 18.5% decrease, respectively, in
cortical thickness. The increase in cortical thickness across age groups 1-4 appears to be too
small to account for the decreases observed in ankyrin-G-IR and R1V-spectrin-IR AIS
density in these animals. Consistent with this interpretation, the density of gephyrin-IR AIS
did not decrease during this developmental epoch. The apparent decrease in cortical
thickness across age groups 4-7 would actually lead to an underestimation of the degree of
decline in gephyrin-IR AIS density. Importantly, across all age groups, cortical thickness
was not significantly associated with AIS density for ankyrin-G, R1V-spectrin, or gephyrin (r
=-.130, p = .470; r =-.130, p = .470; and r = .006, p = .974, respectively). Thus, although
we cannot definitively exclude an effect of changes in cortical volume on our density
measures, these findings, and the differences in developmental trajectories of AIS measures
shown in summary Figure 8, converge on the interpretation that the observed changes in
density of labeled AIS reflect shifts in the amounts of the targeted proteins (and thus the
detectability of immunoreactive AlS) rather than in the actual density of AlS.

Because the length of a labeled profile can influence the likelihood that it will be present and
counted in a given section, we assessed the mean length of immunoreactive AlS in age
groups 1 (<1 month), 5 (2-3 years), and 7 (>5 years), the age groups that showed the greatest
differences in the mean densities of labeled AIS (Fig. 5). The mean length of ankyrin-G-IR
and BIV spectrin-SD-IR AIS decreased significantly across all three age groups examined
(Fig. 7A-D), whereas their densities remained stable between age groups 5 and 7 (Fig. 5B,
D). This dissociation suggests that the differences in length did not likely affect density
measures, probably because any such effects were minimized by the strategy of counting
AIS only in areas of the cortex cut perpendicular to the pial surface (and thus parallel to the
long axis of AIS) where their presence and identification would be unlikely to be affected by
their length. Consistent with this interpretation, the marked differences in the relative
densities of gephyrin-IR AlIS across these age groups (Fig. 5F) were not associated with any
differences in mean length of labeled AIS (Fig. 7 E, F).
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This study included both male and female animals; however, sex does not appear to have
had an influence on the findings. For example, analyses of the mean densities of AIS
immunoreactive for ankyrin-G, BIV spectrin-SD, or gephyrin in age groups 1 (<1 month), 4
(1-2 years), and 7 (>5 years), that contain both male and female animals, showed no within-
group differences by sex (all P >.629, unpaired t tests). Additionally, across sections labeled
for ankyrin-G, IV spectrin-SD or gephyrin, the coefficient of variance (CV) in the mixed
sex age groups 1, 4, and 7 (CV range 0.08 to 0.51) did not differ from CVs of the same sex
age groups (CV range 0.07 to 0.49; P > 0.552, unpaired t test).

The results of these studies indicate that molecular determinants of the structural features
that define GABA inputs to pyramidal neuron AIS in monkey PFC undergo distinct
developmental trajectories with different types of changes occurring during the perinatal
period and adolescence. In concert with previous data, these findings reveal a two-phase
developmental process of GABAergic synaptic stability and GABA neurotransmission at
chandelier cell inputs to pyramidal neurons that likely contributes to the protracted
maturation of behaviors mediated by primate PFC circuitry.
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Figure 1.

Brightfield photomicrographs of pyramidal neuron AIS immunoreactive for ankyrin-G (A),
RIV spectrin-SD (B), and gephyrin (C) in area 46 of monkey prefrontal cortex. Punctate
labeling in panel C likely represents gephyrin clusters at other GABA synapses. Scale bar =
5 umin A (appliesto A, B, C).
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Figure 2.

Brightfield photomicrographs of ankyrin-G immunoreactivity in area 46 of monkeys 1
month (A,C) and 16.7 years (B,D) of age. The numbers and hash marks indicate laminar
boundaries, and the dashed line indicates the layer 6-white matter (WM) border. The arrows
indicate ankyrin-G immunoreactive AlS. The photomicrograph from Panel C is taken from
superficial layer 3 in Panel A and the photomicrograph in Panel D is taken from layer 2 in
Panel B. Scale bars = 200 um in B (applies to A,B); 100 um in D (applies to C,D).
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Figure 3.

Brightfield photomicrographs of BIV spectrin-SD immunoreactivity in area 46 of monkeys 1
month (A,C) and 16.7 years (B,D) of age. The numbers and hash marks indicate laminar
boundaries, and the dashed line indicates the layer 6-white matter (WM) border. The arrows
indicate RV spectrin-SD immunoreactive AlS. The photomicrograph from Panel C is taken
from superficial layer 3 in Panel A and the photomicrograph in Panel D is taken from layer 2
in Panel B. Scale bars = 200 um in B (applies to A,B); 100 um in D (applies to C,D).
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Figure 4.

Brightfield photomicrographs of gephyrin immunoreactivity in area 46 of monkeys 2.3
months (A,C) and 3.3 years (B,D) of age. The numbers and hash marks indicate laminar
boundaries, and the dashed line indicates the layer 6-white matter (WM) border. The arrows
indicate gephyrin immunoreactive AlS. The photomicrograph from Panel C is taken from
layer 4 in Panel A and the photomicrograph in Panel D is taken from layer 2 in Panel B.
Scale bars = 200 pm in B (applies to A,B); 100 um in D (applies to C,D).
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Scatter plots of mean densities of ankyrin-G- (A), R1V spectrin-SD- (C) and gephyrin-(E)
immunoreactive AIS across all cortical layers for individual monkeys. Age in months after
birth is plotted on a log scale. The bar graphs in the right column show the mean (x SD)
densities of ankyrin-G (B), RIV spectrin-SD (D) and gephyrin (F) immunoreactive AlS for

each of the 7 age groups. Within each panel, age groups not sharing the same letter are

significantly different at P < 0.05.
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Figure 6.

Neurolucida drawings of a representative animal from each of the 7 age groups depicting the
laminar distribution of ankyrin-G- (A), RIV spectrin-SD- (B) and gephyrin- (C)
immunoreactive AIS in area 46 of monkey prefrontal cortex. Each drawing represents a 450
um-wide traverse from the pial surface (solid lines) to the layer 6-white matter border
(dashed lines). Hash marks indicate the location of laminar boundaries; WM indicates white
matter. Scale bar = 100 pm in C (applies to A,B,C).
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Layer 2

Layer 5

Bar graphs showing the mean (x SD) length of AIS immunoreactive for ankyrin-G (A, B),
RIV spectrin-SD (C, D) or gephyrin (E, F) in layers 2 and 5 for age groups 1, 5, and 7 (see
Table 1 for the age range of each group). Within each panel, age groups not sharing the

same letter are significantly different at P < 0.05.
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Figure 8.

Schematic summary of the trajectories of pyramidal neuron AIS and chandelier neuron axon
cartridges labeled with difference markers across postnatal development in area 46 of
monkey prefrontal cortex. Lines for each marker represent the percent maximal value
achieved plotted against age in months after birth on a log scale. Arrowheads demarcate the
indicated ages in months, and the shaded area indicates the approximate age range
corresponding to adolescence in this species. GAT1 indicates GABA membrane transporter
1; PV indicates parvalbumin.
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