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Abstract

Chondroitin sulphate proteoglycans (CSPGs) are a key structural component of the brain extracellular
matrix. They are involved in critical neurodevelopmental functions and are one of the main
components of pericellular aggregates known as perineuronal nets. As a step toward investigating
their functional and pathophysiological roles in the human amygdala, we assessed the pattern of
CSPG expression in the normal human amygdala using wisteria floribunda agglutinin (WFA) lectin-
histochemistry. Total numbers of WFA-labeled elements were measured in the lateral (LN), basal
(BN), accessory basal (ABN) and cortical (CO) nuclei of the amygdala from 15 normal adult human
subjects. For interspecies qualitative comparison, we also investigated the pattern of WFA labeling
in the amygdala of naive rats (n=32) and rhesus monkeys (Macaca mulatta; n=6). In human amygdala,
WEFA lectin-histochemistry resulted in labeling of perineuronal nets and cells with clear glial
morphology, while neurons did not show WFA-labeling. Total numbers of WFA-labeled glial cells
showed high interindividual variability. These cells aggregated in clusters with a consistent between-
subjects spatial distribution. In a subset of human subjects (n=5), dual color fluorescence using an
antibody raised against glial fibrillary acidic protein (GFAP) and WFA showed that the majority
(93.7%) of WFA-labeled glial cells correspond to astrocytes. In rat and monkey amygdala, WFA
histochemistry labeled perineuronal nets, but not glial cells. These results suggest that astrocytes are
the main cell type expressing CSPGs in the adult human amygdala. Their highly segregated
distribution pattern suggests that these cells serve specialized functions within human amygdalar
nuclei.

Keywords

astrocyte; perineuronal net; glial fibrillary acidic protein; dual fluorescence microscopy; postmortem;
wisteria floribunda agglutinin

Corresponding Author: Sabina Berretta, M.D., McLean Hospital, 115 Mill Street, Belmont MA 02478, Phone: (617) 855-3484, Fax:
(617) 855-3850, E-mail: s.berretta@mclean.harvard.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.



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

1duasnuey Joyiny vd-HIN

Pantazopoulos et al.

Page 2

2. INTRODUCTION

The adult brain extracellular matrix (ECM) is mainly composed of hyaluronic acid,
glycoproteins, and chondroitin sulfate proteoglycans (CSPGs) predominantly belonging to the
lectican family (Ruoslahti, 1996, Viapiano, et al., 2006, Yamaguchi, 2000). During
development, the CSPG spatio-temporal expression is tightly regulated, as these molecules are
involved in processes such as cell differentiation and migration, axon growth and guidance.
(Bandtlow, et al., 2000, Bovolenta, et al., 2000, Hartmann, et al., 2001, Kinsella, et al., 2004,
Zacharias, et al., 2006). In the adult brain, CSPGs have been shown to interact with cell surface
molecules, neurotrophic factors, neuronal ion channels, as well as glutamate and GABA
receptors and are thought to affect plastic phenomena including long term potentiation
(Bandtlow, et al., 2000, Brakebusch, et al., 2002, Bukalo, et al., 2001, Corvetti, et al., 2005,
Dityatev, et al., 2003, Dityatev, et al., 2006, Okamoto, et al., 1994, Rauch, et al., 2001, Rhodes,
et al., 2004, Smith, et al., 2005, Zhou, et al., 2001). Ternary complexes composed of CSPGs,
hyaluronic acid, and glycoproteins are the main components of pericellular aggregates known
as perineuronal nets (Celio, et al., 1998, Deepa, et al., 2006, Yamaguchi, 2000). These nets are
dense, mesh-like ‘gloves’ found to surround the soma, primary dendrites and initial axonal
segment of distinct neuronal populations, the most well-studied of which is a group of fast-
spiking neurons expressing the calcium binding protein parvalbumin (Berghuis, et al., 2004,
Bruckner, et al., 2006, Hartig, et al., 1994, Morris, et al., 2000, Pantazopoulos, et al., 2006).
Current evidence suggests that perineuronal nets form gradually around successful synaptic
connections and may restrict further changes of those synapses (Dityatev, et al., 2003).
Together, these findings support the idea that CSPGs play a broad range of key roles in the
developing and adult brain, including modulation of structural and functional plasticity.

CSPGs are composed of a core protein and a glycosaminoglycan moiety consisting of a variable
number of chondroitin sulfate chains (Ruoslahti, 1996). The lectin wisteria floribunda
agglutinin, as well as other plant-derived lectins, binds to the N-acetyl-galactosamine
component of the chondroitin sulfate chains and represents a useful tool to detect CSPGs in
brain tissue (Bruckner, et al., 1993, Celio, et al., 1998, Hartig, et al., 1994, Hartig, et al.,
1992, Nakagawa, et al., 1986, Pantazopoulos, et al., 2006). In adult rodents, CSPGs secreted
in the ECM, and associated with perineuronal nets, are synthesized and expressed by several
different cell types, including neurons, astrocytes, oligodendrocytes and NG2-expressing
oligodendrocyte precursor cells (Carulli, et al., 2006, Hamel, et al., 2005, John, et al., 2006,
McKeon, et al., 1999, Thon, et al., 2000, Viapiano, et al., 2006).

Emerging evidence points to a role for CSPGs in the pathophysiology of several neurological
disorders, including Alzheimer’s disease, multiple sclerosis and temporal lobe epilepsy
(Perosa, et al., 2002, Sobel, et al., 2001, Viapiano, et al., 2006). Their role in neural injuries
has also been extensively investigated, as some CSPGs inhibit neurite regeneration following
neural injuries (McKeon, et al., 1991, Morgenstern, et al., 2002, Viapiano, et al., 2006). The
involvement of CSPGs in the pathogenesis of psychiatric illnesses has not been investigated
systematically thus far. Preliminary results from our laboratory strongly suggest that these
molecules may be altered in temporal lobe regions of subjects with schizophrenia
(Pantazopolous, et al., 2006). We note that CSPG functions may bear direct relevance to the
pathophysiology of this disease. For instance, in schizophrenic subjects, disruptions of cell
migration and abnormal numbers of axon fibers, suggestive of a disruption of axonal guidance,
may be related to altered CSPG expression (Akbarian, et al., 1996, Arnold, et al., 1991, Falkai,
et al., 2000, Jakob, et al., 1986, Jakob, et al., 1994, Kovalenko, et al., 2003, Longson, et al.,
1996). Direct functional interactions between neurotransmitters known to be involved in this
disorder, such as glutamate and GABA, and CSPGs have been described by several authors
(Dityatev, et al., 2007, Schwarzacher, et al., 2006). Finally, several other extracellular matrix
components, notably reelin, and interacting molecules such as neuregulin 1, neural cell
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adhesion molecules and semaphorin 3A, have been found to be abnormal in schizophrenia
(Corfas, et al., 2004, Costa, et al., 2004, Dong, et al., 2005, Eastwood, et al., 2003, Guidotti,
et al., 2000, Guidotti, et al., 2000, Hahn, et al., 2006, Harrison, et al., 2006, Vawter, et al.,
2000, Vawter, et al., 2001).

Despite their relevance to human diseases, little information is currently available regarding
the distribution and phenotype of cells expressing CSPGs in the adult human brain. As a first
step toward investigating the role of these molecules in psychiatric illnesses involving the
amygdala, we characterized the distribution and measured total numbers of WFA-labeled cells,
putatively expressing CSPGs, in the lateral (LN), basal (BN), accessory basal (ABN) and
cortical (CO) nuclei of the amygdala of healthy human subjects. This group of amygdala nuclei
will be from here on referred to as BLC-CO. The central nucleus of the amygdala was not
included in this analysis because tissue blocks did not consistently include this nucleus in its
entirety. Dual labeling fluorescent microscopy was then used to determine whether WFA-
labeled cells correspond to astrocytes. Patterns of CSPG expression in the amygdala of naive
rats and rhesus monkeys (Macaca mulatta) were examined, and compared qualitatively to those
characterized in human, in order to test for species generality.

3. RESULTS
WFA labeling in human BLC-CO

WEFA lectin-histochemistry in human subjects resulted in labeling of cells and perineuronal
nets within specific BLC-CO subregions. Perineuronal nets showed evident hollow, mesh-like
appearance and neuron-like shape (Fig 1A&B). Their morphological features suggests
preferential association with large multipolar neurons, confirming previous reports in human
and nonhuman primate amygdala (Hartig, et al., 1995,Pantazopoulos, et al., 2006). WFA
intracellular labeling was not detected in cells with typical neuronal morphology. Cells with
cytoplasmic WFA labeling consistently showed glial characteristics, for example small cell
bodies and ‘bushy’, tightly packed, short processes (Fig 1B, C & E).

The specificity of WFA lectin histochemistry for CSPGs was tested by incubating sets of
sections containing the amygdala from the same subjects in chondroitinase ABC, an enzyme
known to degrade chondroitin sulfate glycosaminoglycan chains (Crespo, et al., 2007, Hamai,
etal., 1997, Sugahara, et al., 1994). Chondroitinase ABC treatment resulted in complete
disappearance of WFA-labeled glial cells; weakly stained perineuronal nets were occasionally
detected in this material, possibly due to incomplete exposure to the enzyme.

Total numbers of WFA-labeled perineuronal nets

In the human BLC-CO, total numbers of perineuronal nets were estimated to be 515,008 +
380,112 (mean + standard deviation). The distribution of perineuronal nets in this nuclear
complex, previously reported in human as well as monkey (Hartig, et al., 1995, Pantazopoulos,
et al., 2006), shows preferential concentration in the LN (408,720 + 300,669), followed by the
BN (72,696 + 72,239). Only few nets were detected in the ABN (18,096 + 21,208) and CO
(15,496 + 8,348). As reported previously (Pantazopoulos, et al., 2006), and shown as an
example in Fig. 2, perineuronal nets tend to cluster along the lateral portion of the LN, and in
the magnocellular BN region.

Distribution, total numbers and numerical densities of WFA-labeled cells in the human

amygdala

The total number of WFA-labeled glial cells in the human BLC-CO is estimated to be 175,568
+ 212,367 (mean * standard deviation; Table 1). Of these, 102,232 + 157,320 are in the LN,
52,832 + 68,882 in the BN, 10,400 + 15,872 in the ABN and 13,104 + 11,656 in the CO.
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Numerical densities of WFA-labeled cells are reported in Table 1. Linear regression models
failed to detect any effect of age (R squared=0.05; p=0.41), cause of death (R squared=0.06;
p=0.37), PMI (R squared=0.15; p=0.14), hemisphere (R squared=0.06; p=0.35), or gender (R
squared=0.002; p=0.96) on total number of WFA-labeled cells in the LN, BN, ABN or CO.
Numbers of WFA-labeled cells did not correlate significantly with numbers of perineuronal
nets in any of the nuclei examined.

Although numbers of labeled cells vary substantially across subjects, their distribution within
amygdalar nuclei is highly consistent. Approximately 57.2 % of these cells are found in the
LN, particularly within its medial portion along its border with BN, and its ventrolateral portion
concentrated primarily along its most ventral edge (Fig 3). The BN contains 29.6% of WFA-
labeled cells, which are localized primarily within its parvicellular subregion. Typically, a
group of these cells are found to mirror the cell cluster located along the ventro-medial edge
of the medial LN. A smaller cell cluster is consistently detected in the magnocellular subregion
of the BN. Only few WFA-labeled cells are located in the intermediate BN subnucleus. The
ABN contains 5.8% of WFA-labeled cells, the majority of these are found in its dorsal portion.
A cluster of these cells appears to extend into the central nucleus of the amygdala. The CO
contains only approximately 7.3% of the WFA-labeled cells estimated over BLC-CO. These
cells tend to cluster along its dorsal border, possibly extending into the medial and anterior
amygdaloid nuclei (Fig 3). Although the distribution of labeled cells does not appear to vary
substantially along the rostrocaudal axis of the BLC-CO, fewer cells were typically observed
in the most caudal section used for the analysis.

Are WFA-labeled glial cells astrocytes?

The great majority of WFA-labeled glial cells in the human BLC-CO (93.7%) were also GFAP-
immunoreactive. This percentage did not vary substantially across nuclei. In the LN, 92.9% of
WFA-labeled glial cells were GFAP-positive, compared to 93.1% in the BN, 94.1% in the AB,
and 94.6% in the CO. Cells showing immunoreactivity for GFAP but not WFA labeling were
not counted in this study. These cells were overwhelmingly more numerous than WFA-labeled
glial cells in all nuclei examined (Fig. 2).

WEFA labeling in monkey and rat BLC-CO

In the amygdala of adult rhesus monkeys, WFA lectin-histochemistry labeled perineuronal
nets were located primarily in the LN and BN, confirming results from a previous study by
Hartig and collaborators (Hartig, et al., 1995) (Fig 4). Intracellular labeling was not observed
in neurons or glial cells in any of the amygdala nuclei investigated. This finding was confirmed
in all monkeys examined (n=6), ranging in age from 6 to 11 years old. Similarly, in the rat
amygdala, WFA lectin-histochemistry labeled perineuronal nets located mainly in the BN and,
to a lesser extent, LN (Fig 4). Again, intracellular labeling was not detected in the amygdala
of rats aged 2, 4, and 8 months old.

To control for the possibility that tissue processing procedures may affect the capability to
detect intracellular labeling in monkey and rat tissue, the brains from a separate group of rats
(n=4) were processed using a protocol similar to that used for human tissue. Specifically, rats
were sacrificed by pentobarbital overdose (130 mg/kg), their brains were removed fresh (no
perfusion with fixative) and postfixed for 1 week before cryoprotection using the same
solutions used for human tissue. Confirming our results, only perineuronal nets, but not
intracellular glial or neuronal labeling, were detected in the amygdala of these rats. Thus, tissue
processing is not likely to account for differences of WFA labeling in human as compared to
rhesus monkey and rat.
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4. DISCUSSION

The present results indicate that, in the BLC-CO of the normal human amygdala, CSPGs are
expressed by a subpopulation of glial cells. A high percentage of these cells also expressed
GFAP, indicating that they correspond to astrocytes. The distinct pattern of spatial distribution
within each of the BLC-CO nuclei, consistently found in each subject, suggests that astrocytes
expressing CSPGs may play a specific role in amygdalar functions. Intracellular labeling was
not detected in neurons. As expected, perineuronal nets showed strong WFA labeling. In
contrast to findings in human, WFA lectin histochemistry did not result in glial cell intracellular
labeling in the amygdala of rhesus monkeys and rats. In these species, the spatial distribution
pattern of labeled perineuronal nets was similar to that described in human and consistent with
a previous report from Hartig et al (monkey) (Hartig, et al., 1995).

Technical Considerations

In the present study, WFA lectin histochemistry was used to detect CSPGs. The specificity of
WFA as a marker for these macromolecules is supported by solid evidence from other groups
as well as by the present results. WFA is known to bind to N-acetyl-galactosamine (Bruckner,
etal., 1993, Celio, et al., 1998, Hartig, et al., 1994, Hartig, et al., 1992, Nakagawa, et al.,
1986). This molecule is specifically represented, as a disaccharide unit bound to glucuronic
acid, in the long chondroitin sulfate glycosaminoglycan chains characteristic of CSPGs (for
review see Viapiano, et al., 2006). Furthermore, chondroitin sulfate glycosaminoglycans are
not found in free form, but always attached to the core protein of the proteoglycans (Viapiano,
etal., 2006), supporting the idea that WFA binding to N-acetyl-galactosamine allows detection
of the entire CSPG molecule. A study reporting virtually identical patterns of perineuronal net
labeling obtained with two different methods — WFA lectin-histochemistry and
immunostaining using CSPG-specific antibodies — is consistent with this claim (Hartig, et al.,
1994). It should also be noted that CSPGs, and lecticans in particular, are by far the most well
represented proteoglycans in the brain extracellular matrix (Ruoslahti, 1996). Finally, in the
present study, the specificity of WFA lectin histochemistry for CSPGs is demonstrated by
control experiments with chondroitinase ABC, an enzyme that degrades chondroitin sulfate
glycosaminoglycan chains and is routinely used to investigate the effects of elimination of
CSPGs (e.g. Crespo, et al., 2007, Dityatev, et al., 2007, Hamai, et al., 1997, Pizzorusso, et al.,
2002, Sugahara, et al., 1994). In our chondroitinase ABC-treated tissue, we could detect no
intracellularly-labeled glia, and only rare, faintly labeled perineuronal nets.

GFAP is commonly used as an astrocytic marker (Eng, et al., 2000). This molecule constitutes
the primary intermediate filament present in mature astrocytes of the central nervous system.
Following injury, its synthesis and content within astrocytes increase rapidly resulting in a
process termed reactive astrogliosis. However, under physiological conditions, GFAP is
expressed by all mature astrocytes, where it provides structural stability to astrocytic processes
and regulates motility (Eng, et al., 2000).

A caveat common to all immunocytochemical and histochemical methods is that some
elements may express a specific marker at levels below those detectable with the available
methods. In this study, it is possible that cells expressing low levels of CSPGs and/or GFAP
may have gone undetected. On the one hand, failure to detect weakly labeled GFAP-
immunoreactive cells may account for the small percentage (6—7%) of WFA-labeled cells not
expressing GFAP. On the other hand, cells with CSPG expression below detection levels may
or may not have also expressed GFAP. Although it is not possible at this stage to distinguish
between these possibilities, the present results indicate that the great majority of cells
expressing CSPGs in the normal adult amygdala are astrocytes.
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Methods for data collection using light microscopy were based on modern stereology principles
and adapted pragmatically to the requirements of histochemical procedures and distribution
patterns of the objects to be counted (Benes, et al., 2001, Guillery, et al., 1997). Sections were
selected using a systematic random sampling scheme and represented the whole rostrocaudal
extent of the BLC-CO (Coggeshall, et al., 1996, Dorph-Petersen, et al., 2000, Gundersen, et
al., 1999, West, 1999). Estimates of numerical densities obtained from these sections were
confirmed using nuclei volume measurements in Nissl-stained serial sections (Berretta, et al.,
2007). WFA-labeled cells and perineuronal nets were counted exhaustively within each
amygdala nucleus in each section. Both cells and nets are sparsely represented and unevenly
distributed. Exhaustive counts throughout each section allowed us to characterize their
distribution and to increase the sensitivity in the X-Y plane, thus reducing the risk of
underestimating poorly represented cell populations (Benes, et al., 2001). Furthermore,
relatively thin sections (40 um) were used in order to maximize the antibody penetration. These
sections were found to collapse to a final estimated thickness of 5-6 um. The ratio between
the thickness of the optical dissector and that of neurons to be counted is not appropriate for
the optical dissector method, while counts of nucleoli, or even nuclei, are not an viable option
in WFA-stained sections. A recent study from our laboratory suggests modest heterogeneity
of distribution of neurons across the depth of the section (Z axis) (Berretta, et al., 2007),
possibly due to ‘lost caps’ factor (Gundersen, 1986, Hedreen, 1998) and/or uneven
compression and/or shrinkage through the z-axis as a consequence of tissue processing
(Gardella, et al., 2003). If such heterogeneity also affects perineuronal nets and glial cells in
our tissue, counted exhaustively through the z-axis, the actual total cell numbers may be slightly
higher than those reported here.

Distribution of WFA-labeling and functional implications

The expression of CSPGs has been shown to be dynamically regulated by a number of
physiological stimuli during development as well as adult life (Dityatev, et al., 2007) (Galtrey,
et al., 2007, Schwarzacher, et al., 2006, Smith, et al., 2005, Thon, et al., 2000, Yamaguchi,
2000). These macromolecules interact with growth factors, neurotransmitter receptors and
voltage gated ion channels and may modulate plastic phenomena such as long term potentiation
(Brakebusch, et al., 2002, Bukalo, et al., 2001, Dityatev, et al., 2003, Dityatev, et al., 2006,
Viapiano, et al., 2006, Zhou, et al., 2001). Their synthesis is differentially regulated across
developmental phases and is experience-dependent, as suggested by the observation that
pericellular accumulations of secreted CSPGs, forming perineuronal nets, reach maturity in
correspondence to the establishment of an adult pattern of synaptic connectivity (Dityatev, et
al., 2007, Guimaraes, et al., 1990, Kalb, et al., 1990, Kalb, et al., 1990, Pizzorusso, et al.,
2002). In adult, CSPGs expression was shown to be affected by neuronal activity and
stimulation of GABA-A and glycine receptors (Dityatev, et al., 2007, Schwarzacher, et al.,
2006). Such a broad range of functions and responsivity to physiological stimuli may account
for the high degree of variability between subjects encountered in our study.

Overwhelming evidence also indicates that these molecules play important and diverse roles
in the response to brain tissue damage, participating in axon growth inhibition and synaptic
plasticity following lesions, as well as seizures (Beggah, et al., 2005, McKeon, et al., 1999,
Naffah-Mazzacoratti, et al., 1999, Thon, et al., 2000, for review see Viapiano, et al., 2006).
These considerations raise the question of whether, in our samples, CSPG expression in
astrocytes may be attributable to physiological processes or, instead, reflect a pathological
state, perhaps related to the relatively old age of the subjects included in this study. Several
considerations point to the former, suggesting a functional role of CSPGs in the normal
amygdala. First, total numbers, as well as numerical densities, of WFA-labeled glial cells did
not correlate with age or cause of death. Although, expression of CSPGs in glial cells may vary
through adulthood, these results suggest that ageing processes and/or prolonged agonal states,
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are not likely to induce substantial increases of CSPG-expressing astrocytes. Second, WFA-
labeled glial cells were detected in the youngest human subject in our cohort (37 years old),
but not in the oldest monkeys in our study, whose age (11 years old, n=2; 10.9 years old, n=1),
approximates mid-thirties of human age. Third, the between subjects consistency of the
distribution of WFA-labeled glial cells in human, characterized by small clusters consistently
segregated within specific portions of the BLC-CO, suggests an association with specific
physiological properties of these subregions, rather than with a range of brain insults.

To this effect, the relative spatial distribution of neurons expressing parvalbumin, perineuronal
nets and CSPG-expressing astrocytes in the amygdala may provide some clues. Approximately
68% of perineuronal nets in the basolateral complex of the amygdala is associated with neurons
expressing parvalbumin; not surprisingly the distribution of these two elements overlaps
largely, with the highest concentration in the lateral nucleus (Fig. 2) (see also Pantazopoulos,
et al., 2006). It is possible that the spatial segregation of CSPG-expressing astrocytes in the
amygdala may be, at least in part, related to the distribution of amygdala neurons expressing
parvalbumin and associated with perineuronal nets. In fact, the prevalence and distribution of
these neurons, as well as that of WFA-labeled perineuronal nets, in each of the nuclei
investigated are similar to that of CSPG-expressing (WFA-GFAP-positive) astrocytes (Fig. 2).
However, a functional relationship between these elements may be just one of several functions
of these cells, as suggested by lack of significant correlations between numbers of perineuronal
nets and WFA-labeled astrocytes as well as findings showing that levels of CSPGs expression
in astrocytes are modulated by neuronal activity (Schwarzacher, et al., 2006). Speculatively,
the distribution of these cells within the amygdala may also be related to termination fields of
particularly active extrinsic inputs.

Another possible clue points to the role of CSPGs during development, when these molecules
form inhibitory barriers guiding neuronal migration and axonal growth (e.g. Carulli, et al.,
2005, Masuda, etal., 2005, Viapiano, etal., 2006). The anatomical distribution pattern of WFA-
labeled astrocytes characterized in our study is highly reminiscent of cellular migratory routes
in the amygdala. For instance, the majority of WFA-labeled astrocytes within the BLC-CO are
distributed along its ventral portion. During the fifth gestational month, cell-dense columns,
considered migratory streams, emerge from the human ganglionic eminence, located ventrally
with respect to the amydgala, and reach into the basolateral complex (LN, BN and ABN)
(Nikolic, etal., 1986, Ulfig, et al., 2003). During the following months, these migratory streams
lose their connection with the proliferative zone and can no longer be detected at nine months
(Ulfig, et al., 1998, Ulfig, et al., 2003). On a speculative level, it is tempting to suggest that
CSPG-expressing glial cells concentrated along the ventral portion of LN and BN may play a
role in guiding neuronal migratory streams arising from the ganglionic eminence and/or
providing a barrier for further migration during late gestational months.

Selective expression of CSPGs in astrocytes in the normal human amygdala

Studies in rodent and cell cultures have shown that distinct members of the CSPG family are
synthesized and expressed by several different cell types (for review see Carulli, et al., 20086,
Viapiano, et al., 2006). Brevican, and to a lesser extent neurocan, are commonly associated
with astrocytes (Carulli, et al., 2006, McKeon, et al., 1999, Thon, et al., 2000, Viapiano, et al.,
2006). In contrast, versican is commonly expressed in oligodendrocytes and NG2-positive
oligodendrocyte precursors, and aggrecan is mainly detected in neurons (Carulli, et al., 2006,
Viapiano, et al., 2006). The present results are in contrast with this evidence, as they suggest
that in the human amygdala, but not in rat or monkey (Fig 4), astrocytes may be the main source
of CSPGs. Although, at least in principle, this is possible, other interpretations must be
considered. As mentioned above, other cells, such as neurons and oligodendrocytes, may
express CSPGs at low, but still functionally relevant, levels that may fall below the detection
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levels of our method. Alternatively, brevican may be the CSPGs primarily expressed in the
adult normal human amygdala. Differential selectivity of WFA cytochemistry for human
CSPGs expressed in astrocytes is not likely since WFA binds to one of the most basic shared
components of these molecules (Bruckner, et al., 1993, Celio, et al., 1998, Hartig, et al.,
1994, Hartig, et al., 1992, Nakagawa, et al., 1986).

5. Conclusions

The present results show that, in the adult human amygdala, CSPGs are mainly expressed by
asubpopulation of astrocytes. Although these results do not rule out the possibility that neurons,
oligodendrocytes and oligodendrocyte precursor cells may express low levels of CSPGs, they
show that, in human, astrocytes express by far the highest levels of these molecules. The
remarkable distribution pattern of CSPG-expressing astrocytes within the BLC-CO points to
a distinct physiological role of CSPGs within specific amygdala subregions. Intriguingly, no
CSPG expression was detected in rat and nonhuman primate glial cells, suggesting species
specificity.

EXPERIMENTAL PROCEDURES

Human Subjects and Tissue Processing

Brain tissue blocks containing the whole amygdala from adult normal human donors (n=15),
were obtained from the Harvard Brain Tissue Resource Center (HBTRC) (Table 2). Blocks
were dissected fresh from whole brains upon arrival at the HBTRC and immediately placed in
4% paraformaldehyde. The blocks were stored in 0.1 M phosphate buffer (PB) containing 4%
paraformaldehyde for two weeks followed by one week in cryoprotectant solution (30%
glycerol, 30% ethylene glycol, 0.1% NaAzide in PB). Blocks were then cut into sequential 2
mm coronal slabs using an antithetic tissue slicer and resectioned into 40um serial sections on
a freezing microtome (American Optical 860, Buffalo, NY). This method is well suited for
measurements of volume and total cell numbers because it allows optimal tissue preservation,
and avoids distortion and excessive variations of section thickness and tissue loss due to
temperature changes that often occur while slicing a large cryoprotected tissue block.
Incomplete sectioning due to alignment of the slab on the microtome amounted to a thickness
of no more than 80-100 um/slab. Sections were stored in the same cryoprotectant solution at
—20 °C. Tissue from several regions from each brain was analyzed by a neuropathologist to
determine any evidence of gross and/or macroscopic changes consistent with Alzheimer’s
disease and other neurological illnesses, cerebrovascular accident, ethanol abuse, or other
confounding factors.

Nonhuman Primate Subjects and Tissue Processing

Monkeys were given a lethal dose of sodium pentobarbital (100 mg/kg, i.p.) and were perfused
intracardially with normal saline followed by a solution of 4% paraformaldehyde in 0.1 M
phosphate buffer. The brains were removed, photographed, and placed in solutions of 10% (for
1 day) followed by 20% (for 4-5 days) glycerol plus 2% DMSOQO in 0.1 M phosphate buffer for
cryoprotection. Then the brain was frozen in isopentane overnight and cut on a freezing
microtome at 40 um in the coronal plane. All sections were collected and saved in a solution
for long-term storage consisting of 30% glycerol and 30% ethylene glycol in 0.1 M phosphate
buffer.

Rat Tissue Processing

Male Sprague-Dawley rats (n=30 total; P240 n= 2; P120, n=5; P60, n=6; P45, n=5, P30, n=6,
P15, n=6; Charles River Laboratories Inc., Wilmington, MA) were sacrificed by an overdose
of sodium pentobarbital (130 mg/kg) and perfused with fixative (200 ml, 4% paraformaldheyde
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in 0.1 M PB). Brains were collected, postfixed (1 hr), cryoprotected (20% glycerol in 0.1 M
PB overnight). A separate group of four rats (P60) was sacrificed by an overdose of sodium
pentobarbital (130 mg/kg) but not perfused with fixative; after removal, the brains were
postfixed for 1 week in 4% paraformaldehyde, then placed in cryoprotectant solution (30%
glycerol, 30% ethylene glycol, 0.1% NaAzide in PB) until it sank to the bottom of the jar.
Sections from all rat brains were serially sliced (30 um) in coronal sections on a freezing
microtome (American Optical 860, Buffalo, NY). Sets of serial sections including the whole
rotrocaudal extent of the amygdala were used for histochemitry.

Histochemistry

For human and monkey tissue, free-floating sections were incubated in citric acid buffer (0.1
M citric acid, 0.2 M NayHPO,) heated to 80 °C for 30 minutes, then incubated in biotinylated
WFA (1:500 pl; Vector Labs, Burlingame, CA) in 1% bovine albumine serum (BSA) for 24
hrat4 °C. Sections were then incubated in streptavidin conjugated with horse radish peroxidase
(1:5000 pl, Zymed, San Francisco, CA), and, finally, in nickel-enhanced diaminobenzidine/
peroxidase reaction (0.02% diaminobenzidine, Sigma-Aldrich, 0.08% nickel-sulphate, 0.006%
hydrogen peroxide) for visualization of the reaction product. Solutions for all the following
steps were made in PBS with 0.5% Triton X (PBS-Tx). Each step was followed by washes in
the same solution. Sections were counterstained with methyl green nuclear stain (Vector Labs,
Burlingame, CA) and coverslipped. WFA histochemistry for rat tissue was identical to the one
described above, with the exception that no antigen unmasking procedure was performed and
buffers contained 0.2 % Tx.

For chondroitinase ABC digestion, following antigen unmasking with citric acid buffer, human
amygdala sections were incubated overnight at 37 degrees °C in chondroitinase buffer
consisting of 250 pl of chondroitinase ABC (10mU/ul, cat #C-2905, Sigma-Aldrich, St. Louis,
MO) in 2ml of chondroitinase buffer (50 mM Tris, pH 8.0, 60 mM sodium acetate, and 0.02%
BSA).

Dual Fluorescent Immunocytochemistry

A subset of five amygdalas from five different donors was used for dual fluorescent labeling.
Free-floating sections were processed for antigen unmasking as above and then incubated in
5% BSA (1 hr) and placed in monoclonal primary antisera raised in mouse against glial
fibrillary acidic protein (GFAP) (1:8,000 ul, G 3893, Sigma-Aldrich, St. Louis, MO) in 1%
BSA at 4 degrees C for 72 hr. Immunoblotting assays show that this antibody is highly specific
for GFAP and does not cross react with vimentin. Astrocytes, Bergmann glial cells, gliomas,
and other glial cell derived tumors are specifically detected using this antibody (information
provided by Sigma-Aldrich, St. Louis, MO). Sections were then incubated for 4 hr with Alexa
Fluor horse anti-mouse (1:250 pl; wave length: 555) for 4 hr. Following several rinses, sections
were placed in a solution containing biotinylated WFA (1:500 pl, Vector Labs, Burlingame,
CA) in 1% BSA for 24 hr at 4 °C, followed by 4 hr incubation in Alexa Fluor Streptavidin
(wave length: 488; 1:2000 pl). Solutions for all the steps above were made in PBS with 0.5%
Triton X (PBS-Tx). Each step was followed by washes in the same solution. To eliminate
lipofuscin autofluorescence, sections were incubated in 1mM CuSO4 for 10 minutes (Schnell,
et al., 1999). Sections were coverslipped with anti-fade Gel/Mount (Biomeda Corp., Foster
City, CA). All fluorescent probes were purchased from Molecular Probes Inc. Eugene, OR.

Data Collection for Human Tissue

Light Microscopy—Four serial representative sections from each amygdala (section
interval, 1040 um), were labeled with WFA lectin histochemistry, counterstained with methyl
green nuclear staining, and matched across subjects for rostral-caudal level according to
morphological and cytoarchitectonic criteria as described previously (Pantazopoulos, et al.,
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2006) (Fig. 3). A Zeiss Axioskop 2 Plus interfaced with Stereolnvestigator 6.0
(Microbrightfield Inc., Willinston, VT) was used for analysis. The borders of each of the nuclei
examined in this study, i.e. LN, BN, AB and CO, were delineated with a 1.6x objective
according to well-established cytoarchitectonic criteria (Amaral, et al., 1992, Gloor, 1997,
Sorvari, et al., 1995). Sections were then scanned through the extent of the x, y, and z-axes
using a 40x objective. On the basis of a previous knowledge (Bruckner, et al., 1994, Hamidi,
et al., 2004, Pantazopoulos, et al., 2006), the following criteria were established for
classification of WFA-labeled objects. WFA-labeled glial cells are characterized by clearly
distinguishable intracellular labeling and a small, round body surrounded by a multitude of
short, thin and tightly packed (bush-like) processes (Fig 1B,& E). WFA-labeled neurons show
intracellular labeling and clear neuronal morphology (Luth, et al., 1992). Perineuronal nets are
typically distinguished easily from labeled cells, as they show neuron-like morphology, i.e.
relatively large, polygonal or fusiform cell bodies and a small number of distinct primary
dendrites, but the labeling has a hollow appearance, with a mesh-like, pericellular pattern (Fig.
1D&F).

Fluorescent Microscopy—Quantitative analysis of double-labeled cells was performed
using a Zeiss Axioscope 2 plus system equipped with FITC and TRITC filters and interfaced
with Stereo-Investigator 6.0 image analysis software. Sections used for light microscopy WFA
detection were adjacent to dual fluorescence labeled sections, and were used for tracing the
borders of the LN, BN, ABN and CO on the latter (Amaral, et al., 1992, Gloor, 1997, Sorvari,
et al., 1995). Each nucleus was scanned systematically in its whole dorso-ventral and latero-
medial extent and throughout the z-axis, using a 40x objective and fluorescent filters TRITC,
555 (GFAP) and FITC 488 (WFA). All WFA-labeled cells were recorded according to presence
of WFA labeling alone or together with GFAP expression (Fig. 1). Co-localization was
determined by overlaying the image captured using the TRITC filter and the FITC filter using
Stereo-Investigator software.

Confocal Microscopy—Confocal microscopy was used to confirm data obtained with
fluorescent microscopy. Approximately 20% of the WFA-labeled cells were re-sampled using
a Leica Confocal Microscope System equipped with TRITC and FITC filters. This system
allows scanning through the z-axis of each section in 1 um increments, thus resolving among
two or more neurons sharing the same Y and X (but not Z) coordinates. Co-localization of two
markers was established when the respective fluorescence signal was clearly present at the
same range within the z-axis for each marker examined and confirmed by a color change of
overlapping markers (Fig 1F). Results obtained with confocal and fluorescence microscopy
were virtually identical, confirming the validity of the latter.

Statistical Analysis

Total number (Tn) of WFA-labeled, putatively CSPGs-positive, cells was calculated as Tn=
i * 2n, where 2n = sum of the cells counted in each subject, and i is the section interval (i.e.
number of serial sections between each section and the next within each compartment, i.e. 26)
as described in detail in previous work (Pantazopoulos, et al., 2006). Stepwise linear regression
models were used to analyze the effects of age, postmortem time interval (PMI), cause of death
(acute vs chronic), hemisphere, and gender on total numbers of WFA-labeled cells and of
percentages of WFA-labeled cells showing GFAP immunoreactivity using JMP v5.0.1a (SAS
Institute Inc., Cary, NC). Microphotographs and figures were processed using Adobe Illustrator
CS (Adobe Systems Inc., San Jose, CA). No adjustments were made to any aspect of the original
photos except for size reduction.
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Data Collection for Monkey and Rat Tissue

Sections from rhesus monkey and rat, containing the amygdala and stained with WFA lectin
histochemistry were examined under light microscopy. Each amygdala nucleus was scanned
systematically in its rostro-caudal, latero-medial and dorso-ventral extent. Each labeled
element was examined and recorded according to morphological criteria and presence of
intracellular labeling according to the same criteria described for human tissue.
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BSA

bovine albumine serum
CO

cortical nucleus
CSPGs

chondroitin sulphate proteoglycans
ECM

extracellular matrix
GFAP

glial fibrillary acidic protein
LN

lateral nucleus
Nd

numerical density
Tn

total number
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post-mortem interval
WFA

wisteria floribunda agglutinin
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Figure 1. WFA-labeled perineuronal nets and glial cells in the human amygdala and co-labeling of
WFA and GFAP

WEFA lectin-histochemistry resulted in labeling of perineuronal nets (A, B) and glial cells (C,
D) in the human amygdala. A and B represent confocal and light microscopy (DAB with
methylgreen counterstaining) photomicrographs, respectively, of WFA-labeled perineuronal
nets. Note the large size with respect to glial cells (C), the characteristic neuronal morphology
and the hollow appearance. These characteristics contrast sharply with those of glial cells
showing intracellular WFA-labeling, shown in C and D as light microscopy and confocal
photomicrographs, respectively. These cells have small cell bodies and ‘bushy’, tightly packed,
short processes. The large majority of WFA-labeled, putatively CSPG-expressing, glial cells
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were also GFAP-immunoreactive. In D, E, and F, confocal photomicrographs of a glial cell

labeled with WFA (D, green), GFAP (E, red) and the overlay of the markers (F, yellow). Scale
bars are 50 um A, D, E, and F; 37 um B, C.
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Figure 2. Glial cells expressing chondroitin sulfate proteoglycans may represent a subpopulation
of astrocytes in the human amygdala

Schematic representation of the distribution of GFAP-immunoreactive cells (A), WFA-labeled
glial cells (B), and WFA-labeled perineuronal nets (C) in the LN, BN, ABN and CO from one
representative section of the amygdala in subject 14.
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Figure 3. WFA-labeled glial cells show a consistent pattern of segreation within subregions of the
human amygdala

Schematic representation of the distribution of WFA-labeled glial cells in four sections from
the BLC-CO in subjects 5, 23, 14, 28, 43. The majority of these cells clustered between the
medial LN and the parvicellular BN as well as along the ventral edge of these nuclei. Small
cell clusters were also detected in the magnocellular BN and in the dorsal portion of the ABN
and CO.
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Figure 4. Intracellular WFA-labeling in glial cells was not detected in the rodent and nonhuman
primate amygdala
Light microscopy photomicrographs showing WFA-labeled perineuronal nets (arrowheads)

and glial cells (arrows) in the ventrolateral subdivision of the LN in human (A), WFA-labeled
perineuronal nets (arrowheads) in the ventrolateral subdivision of the LN of a rhesus monkey
(B) and in the BN of an adult (P60) rat (C). WFA labeled glial cells were not detected in the
amygdala of rhesus monkeys and rats. Scale bars, A, B 50 um; C 100 pum.
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Total numbers and numerical densities of WFA-labeled, putatively CSPG-expressing, glial cells in human BLC-CO.

Total Number

Numerical Density

Nucleus Mean SD Mean SD

LN 102,232 157,320 528.92 795.90
BN 52,832 68,882 396.47 608.95
AB 10,400 15,872 204.73 283.26
CcO 13,104 11,656 455.40 469.60
BLC-CO 178,568 212,367 424.57 526.72

Numerical density is expressed as cells/mm3
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Table 2
Demographic and Descriptive Data of the Human Subject Cohort
code Age (yr) Gender PMI (hr) Cause of Death
5* 68 Female 14.8 Cardiac arrest
2 70 Male 232 Cardiac arrest
19 52 Male 321 Cardiac arrest
25 71 Male 24 Cardiac arrest
11 37 Male 18.8 Electrocution
31 65 Male 173 Cardiac arrest
21 53 Female 24 Melanoma
23" 62 Male 29.2 Cardiac arrest
36 70 Male 17.3 Abdominal aortic aneurysm
14* 58 Female 17.8 Carbon monoxide poisoning
16 72 Male 28.2 Cardiac arrest
35 74 Female 121 Cancer
23* 74 Male 15.8 Cardiac arrest
43" 85 Male 20.3 Cancer
8 78 Female 239 Cancer
" 659120 10M/5 F 213457

*
cases used for CSP-GFAP double labelling

N
mean + standard deviation

Abbreviation: PMI, postmortem time interval
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