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FiG. 3. Doublecortin (DCX)(+)/NG2(+) cells were a different population from DCX(+)/polysialyated form of neural cell adhesion molecule (PSA-NCAM)(+)
cells in the piriform cortex. (A-D) Triple immunohistochemistry for PSA-NCAM (green), DCX (red) and NG2 (blue) in the piriform cortex. Arrowheads,
DCX(+)/NG2(+) cells not immunopositive for PSA-NCAM; arrows, DCX(+)/PSA-NCAM(+) cells not immunopositive for NG2. Asterisks, DCX(+) cell not
immunopositive for NG2 nor PSA-NCAM (referred to in Nacher et al., 2001). Scale bar: 20 pm.

TABLE 1. Percentages of cells immunopositive for various cell differentiation markers in all BrdU-labeled cells

BrdU-labeled cells immunopositive for each marker after injection of BrdU (%)

After 14 days After 28 days

After 2 h

DCX(+)/NG2(+} 94.2 + 1.8 (450/479)
DCX(+)/NG2(-) 0 (0/479)
DCX(-)/NG2(+) 0 (0/479)
NG2(+)/GST-pi(+) 0 (0/213)
" NG2(-)/GST-pi(+) 0 (0/213)

79.5 + 3.8 (932/1168)

0.61 + 0.44 (7/1168)
9.5 + 3.4 (112/1168)
10.2 £ 2.6 (52/519)

0 (0/519)

69.4 + 3.2 (584/843)
0.52 £ 0.69 (4/843)
11.0 = 1.8 (95/843)
12.4 £ 2.8 (48/373)
9.2+ 1.2(35/373)

Data are presented as mean + SEM (%), n = 5 animals at each time point. The number of positive cells for each marker/number of BrdU-labeled cells is given in

parentheses. DCX, doublecortin; GST, glutathione S-transferase.

1989), another mature oligodendrocyte marker, revealed that this
immunoreactivity was detected in most of the DCX(-)/NG2(-)/GST-
pi(+) cells (Fig. 61-K).

Discussion

In the present study, we have provided novel evidence that the adult
rat neocortex ubiquitously possesses DCX(+)/NG2(+) cells and that
these cells are the major population of cortical cells involved in cell

reproduction. The DCX(+)/NG2(+) cells differentiate into two kinds
of cell lineages [DCX(+)/NG2(~) cells and DCX(-)/NG2(+) cells] at
14-28 days after mitosis, as well as undergoing reproduction into
identical cells. DCX(+)/NG2(-) cells were immunoreactive for TUC4,
a neuronal lineage marker, whereas DCX(-)/NG2(+) cells started to
co-express an oligodendrocyte marker GST-pi. Furthermore, the
NG2(+)/GST-pi(+) cells differentiated into new mature oligodendro-
cytes at 28 days. These results indicate that the DCX(+)/NG2(+) cells
serve as cortical progenitor cells, retaining the potential to produce
neuronal lineage cells and oligodendrocytes in the neocortex (Fig. 7).
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FiG. 4. (A-D) 5’-Bromodcoxyuridine (BrdU)-incorporated nuclei (green) in NG2(+)/doublecortin (DCX)(+) cells in the neocortex at 2 h after BrdU injection:
(red), DCX; (blue), NG2. (E-I) Multi-differentiation of BrdU-labeled NG2(+)/DCX(+) cells in the neocortex at 14 days after BrdU injection: BrdU (green), DCX
(red) and NG2 (blue). Arrowhcads in (E-G), BrdU-labeled DCX(+)/NG2(-) cells; (E-G) indicate the same area. Small arrows in (E~G), a BrdU-labeled
DCX(+)/NG2(+) cell. Big arrow in (H), a BrdU-labeled DCX(-)/NG2(+) cell. Scale bars: 10 pm (A-D); 20 um (E-).

Two subtypes of NG2-positive cells in the neocortex of adult rats

It has been known that NG2(+) cells abundantly and broadly exist in
the cerebral cortex of adult rats. We observed that 1.2 + 0.4% and
1.8 £0.7% of NG2(+) cells (813 cells and 946 cells from five
animals) in the neocortex were immunoreactive for BrdU and Ki67,
respectively, 2 h after BrdU injection. The findings suggested that few
cortical NG2(+) cells are involved in the cell cycle, and are supported
by a previous report that only 1.5% of all NG2-positive cells are
labeled with BrdU 2 h after BrdU injection (Dawson et al., 2003). In
the spinal cord of adult rats, two subtypes of NG2-positive cells were

argued based on their response to experimental demyelination
(Keirstead er al., 1998). Thus, we assumed that two distinct
populations of NG2(+) cells were also present in the adult cortex,
and confirmed this finding based on co-expression of DCX (Fig. 2).
Proliferative activity was observed only in the DCX(+)/NG2(+) cells,
but not in the DCX(-)/NG2(+) cells (Fig. 4D). Furthermore, we
confirmed that none of the DCX(+)/NG2(+) cells in the neocortex
was immunopositive for GFAP or nestin. Our previous studies showed
that the majority of proliferating cells are located close to the neuronal
somata (the perineuronal territory) in the cerebral cortex of adult rats
(Kataoka et al., 2006). Indeed, in the present study, most of the
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FIG. 5. A ncuronal lineage marker (TUC-4)-expressing doublecortin (DCX)(+)/NG2(-) cells. Sequential confocal images (0 to +2 pm; A~D, Oum; E-H, +1.0um;
I-L, +2.0pm) captured at 1-pm intervals for TUC-4 (green), DCX (red) and NG2 (blue). Arrowheads, DCX(+)/NG2(-) cells immunopositive for TUC-4; arrows,

DCX(+)/NG2(+) cells not immunopositive for TUC-4. Scale bar: 20 um.

DCX(+)/NG2(+) cells were observed in the perineuronal territory, and
many DCX(-)/NG2(+) cells were outside this area (data not shown).
These findings suggest that the DCX(+)/NG2(+) cells are ‘cortical
progenitor cells’ in the neocortex.

Existence of DCX(+) cells in the adult neocortex

In the present study, we observed that the DCX(+)/NG2(+) cells exist
throughout the neocortex of adult rats under physiological conditions
(Fig. 2). However, previous studies in adult rats have reported that
DCX(+) cells are observed only in cortical layers Il or III of the
piriform cortex, and in layer II of the entorhinal, perirhinal and insular
cortex (Nacher et al., 2001, 2004), but not in the neocortex more
dorsal to these regions (Jin et al., 2003; Yang et al., 2004; Dayer et al.,
2005). Indeed, the intensity of DCX immunoreactivity in the
DCX(+)/NG2(+) cells observed in the present study was weaker
than that in the previously reported DCX(+) cells in the piriform
cortex (Fig. 3D). Thus, we could barely immunodetect DCX in the
DCX(+)/NG2(+) cells at lower magnifications using a confocal laser-
scanning microscope; however, we were able to successfuily detect
them at higher magnifications, i.e. x40 or x 63 at the objective lens.
Furthermore, we confirmed the expression of DCX in the neocortex

using Westemn blot analysis; a single 40-kDa band of DCX protein
(Brown et al., 2003) was detected in tissue homogenates prepared
from the parietal cortical tissue as well as piriform cortex (data not
shown).

Cellular differentiation of the DCX(+)/ NG2(+) cells

In the current study, we showed that DCX(+)/NG2(-) cells are
generated from DCX(+)/NG2(+) cells in the neocortex of adult rats
using BrdU-labeling methods (Fig. 4 and Table 1), and that all the
DCX(+)/NG2(~) cells contain TUC-4 (Fig. 5). In the dentate gyrus of
the hippocampus, it has been shown that a subset of NG2(+) cells can
differentiate into GABAergic neurons, upregulating the expression of
TOAD-64 (referred to as TUC-4) and downregulating the expression
of NG2 (Belachew et al., 2003). We confirmed that the NG2(+) cells
in the dentate gyrus were also immunoreactive for DCX (data not
shown). Furthermore, DCX-expressing NG2(+) progenitor cells are
also observed in the anterior SVZ, and these cells differentiate into
GABAergic interneurons in the olfactory bulb. Such NG2(+) cells of
these neurogenic regions differentiate into GABAergic interneurons
following downregulation of the NG2 expression (Aguirre & Gallo,
2004). The possibility exists that the DCX(+)/NG2(+) cells in the
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GST

FiG. 6. Glial lineage markers expressing DCX(-)/NG2(+) cells. (A-D) A 5’-bromodeoxyuridine (BrdU)-labeled NG2(+)/glutathione S-transferase (GST)-pi(+)
cell in the neocortex at 14 days after BrdU injection. (E-H) A BrdU-labeled NG2(-)/GST-pi(+) cell in the neocortex at 28 days after BrdU injection: GST-pi
(green), BrdU (red) and NG2 (blue). (I-K) Two GST-pi(+)/RIP(+) cells in the neocortex, GST-pi (green) and RIP (blue). (G and K) Magnified views of the area

indicated by a white square in (I). Scale bars: 10 um.
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F1G. 7. Schematic representation of a hypothetical differentiation model of
doublecortin (DCX)(+)/NG2(+) cells in the adult neocortex. DCX(+)/NG2(+)
cells reproduce the identical cells, DCX(+)/NG2(~) cells and DCX(+)/NG2(-)
cells. In the neuronal lineage, newly generated DCX(+)/NG2(-) cells show
TUC-4 immunoreactivity. In the oligodendrocyte differentiation, newly gen-
erated DCX(~)/NG2(+) cells show glutathione S-transferase (GST)-pi immu-
noreactivity, and the cells further differentiate into mature oligodendrocytes
immunopositive for GST-pi and RIP. During oligodendrocyte differentiation,
the expression of NG2 is downregulated, whereas that of cytoplasmic GST-pi is
upregulated.

adult neocortex also differentiate into GABAergic interneurons with
downregulation of NG2 expression. In the present study, we were able
to demonstrate that neocortical DCX(+)/NG2(+) cells have the

potential to give rise to DCX(+)/NG2(-) cells committed to neuronal
lineage cells, but found that none of the cells indicated immunobhist-
ochemical characteristics of mature GABAergic neurons. Under such
a low-stimulative environment as’ in the present experiment, rodent
neocortex might not need to generate new neurons. In fact, it has been
reported that neurogenesis occurs in the cerebral cortex of adult mice
under pathological conditions (Magavi et al., 2000). Furthermore, in
the present study we were unable to determine the fates and functions
of newly generated DCX(+)/NG2(-) cells in the neocortex. Although
those cells were not immunohistochemically mature neurons, such
neuronal lineage cells might have physiological functions even at
immature stages. A subpopulation of immature cells in the cortex has
been reported to show physiological properties, including ion channel
expression profiles and depolarization-induced multiple spikes
(Chittajallu et al., 2004).

At 2 h after BrdU injection, a small number of dividing cells were
0OX-42(+) microglia. Thus, we cannot rule out the possibility that the
DCX(+)/NG2(-) cells were generated from the microglia in situ in
the neocortex. However, until now microglia has not been reported to
give rise to neurons or other glial cells, including astrocytes,
oligodendrocytes and NG2(+) glial progenitor cells in the adult brain
under physiological conditions. Indeed, we observed that none of the
0X-42(+) cells was immunoreactive for NG2 and/or DCX in the
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neocortex. The origin of the newly generated DCX(+)/NG2(-) cells
may be related to BrdU(+)/DCX(+) cells originating in the SVZ
migrating into the neocortex under pathological conditions, as shown
by Magavi er al. (2000). In the neonatal brain, newly generated
DCX(+) cells have also been reported to migrate from the SVZ to the
cerebral cortex (Suzuki & Goldman, 2003; Fagel et al., 2006). The
vast majority of the DCX(+) young neurons migrating from the SVZ
have been known to express PSA-NCAM (Doetsch et al., 1997, 1999;
Fagel et al., 2006). However, the newly generated DCX(+)/NG2(-)
cells observed in the present study were not immunopositive for PSA-
NCAM (data not shown). Based on these findings we suggest that the
DCX(+)/NG2(-) cells were likely derived from the DCX(+)/NG2(+)
cells in situ in the neocortical parenchyma.

Dawson et al. (2003) suggested that cortical NG2(+) cells can
generate new oligodendrocytes, by finding BrdU-labeled cells
expressing 2',3’-cyclic nucleotide 3’-phosphodiesterase (CNPase), an
oligodendrocyte marker. However, that study did not trace the
differentiation between NG2-expressing cells and CNPase-expressing
mature oligodendrocytes, and could not show that NG2(+) cells were
on the identical cell lineage path of mature oligodendrocytes. In the
present study, using GST-pi, an oligodendrocyte lineage marker, we
were able to trace every stage of oligodendrocyte differentiation by
NG2(+)/GST-pi(+) cells from DCX(+)/NG2(+) progenitor cells to
NG2(-)/GST-pi(+) mature oligodendrocytes (Fig. 6A-H and Table 1).
The NG2(-)/GST-pi(+) cells were confirmed to be mature oligo-
dendrocytes by observation of immunoreactivity for RIP, a mature
oligodendrocyte marker (Fig. 6I). These results are in agreement with
previous reports indicating maturation of oligodendrocytes following
the downregulation of NG2 expression (Nishiyama et al., 1996) and
the progressive expression of RIP (Friedman et al., 1989). We have
provided the first evidence that cortical NG2(+) cells co-expressing a
neuronal marker reproduce mature oligodendrocytes. '

It has been reported that NG2(+) cells may give rise to GFAP(+)
astrocytes in the cerebral cortex of adult rats (Dawson et al., 2003). In
the present study, BrdU-labeled GFAP(+) astrocytes were infrequently
found in the adult neocortex at 28 days after BrdU injection (less than
1%, 2/456 «cells from five animals). Thus, perineuronal
DCX(+)/NG2(+) cells might differentiate into astrocytes as well as
oligodendrocytes and neurons. We previously demonstrated that
neural excitation stimulates cellular proliferation of the perineuronal
cells (Tamura et al., 2004; Kataoka et al, 2006), and such an
excitation facilitates the production of GFAP(+) astrocytes (unpub-
lished observation). These observations suggest that local neural
activity controls the production rates of astrocytes, oligodendrocytes
and neurons by regulating the proliferation rate and the direction of the
differentiation of the DCX(+)/NG2(+) cells.
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Pl DURING OLIGODENDROCYTE DIFFERENTIATION IN ADULT RAT
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Y. TAMURA,>® Y, KATAOKA,»><* Y, CUL,2bc
Y. TAKAMORI,® Y. WATANABE"< AND H. YAMADA®

*Department of Anatomy and Cell Science, KMU 21C COE Project,
Kansai Medical University, 10-15 Fumizono-cho, Moriguchi, Osaka
570-8506, Japan

*Molecular Imaging Research Program, Frontier Research System,
RIKEN, 6-7-3 Minatojima minamimachi, Chuo-ku, Kobe 650-0047,
Japan

“Department of Physiology, Osaka City University Graduate School of
Medicine, 1-4-3 Asahimachi, Abeno-ku, Osaka 545-8585, Japan

Abstract—Glutathione S-transferase (GST)-pi is a cytosolic
isoenzyme used as a marker for mature oligodendrocytes in
the mammalian brain. However, the cellular properties of
GST-pi-immunoreactive [GST-pi (+)] cells in adult brain are
not completely understood. We immunohistochemically
demonstrated the existence of two subtypes of GST-pi {+)
cells in the cerebral cortex of adult rats: one subtype exhib-
ited GST-pi in the cytoplasm (C-type cells), while the other did
mainly in the nucleus (N-type cells). The GST-pi (+) C-type
cells were also immunopositive for 2',3'-cyclic nucleotide
3'-phosphodiesterase and RIP, indicating that they were ma-
ture oligodendrocytes, while the GST-pi (+) N-type cells ex-
pressed NG2, indicating that they were oligodendrocyte pro-
genitor cells. Furthermore, observation of the fate of newly-
- generated cells by 5-bromodeoxyuridine-labeling revealed
that the GST-pi (+) N-type cells differentiated into C-type
cells. These findings indicate translocation of GST-pi from
the nucleus to the cytoplasm during oligodendrocyte
maturation. © 2007 IBRO. Published by Elsevier Ltd. All rights
reserved.

Key words: oligodendrocyte progenitor cells, NG2, CNPase,
RIP, BrdU.

Glutathione S-transferases (GSTs) are phase |l detoxifica-
tion enzymes that catalyze the conjugation of various xe-
nobiotic and endogenous electrophiles with reduced glu-
tathione. The mammalian GSTs consist of eight distinct
classes (alpha, mu, pi, theta, sigma, kappa, zeta, and
omega) separable on the basis of their biological proper-
ties (Mannervik et al., 1985; Meyer et al., 1991; Meyer and
Thomas, 1995; Pemble et al., 1996; Board et al., 1997,
2000). The GST isoenzymes are widely expressed and
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Abbreviations: BrdU, 5-bromodeoxyuridine; CNPase, 2',3'-cyclic nu-
cleotide 3'-phosphodiesterase; GST, glutathione S-transferase; PBS,
phosphate-buffered saline; PBST, 0.3% Triton X-100 in phosphate-
buffered saline.

distributed among several types of tissue including the
brain (Theodore et al., 1985; Li et al., 1986; Abramovitz
and Listowsky, 1987). Three GST isoenzymes (alpha, mu,
and pi) have been observed in neurons and glial cells in
the brain: GST-alpha is expressed in the nuclei of neurons
of the rat brain (Johnson et al.,, 1993); GST-mu is ex-
pressed in glial fibrillary acidic protein (GFAP)-immunopo-
sitive astrocytes, but in neither neurons nor oligodendro-
cytes in rat brain (Abramovitz et al., 1988; Cammer and
Zhang, 1992); and GST-pi is found in the cytoplasm of
mature oligodendrocytes, which are immunopositive for
2',3'-cyclic nucleotide 3’'-phosphodiesterase (CNPase), in
rodent cerebral cortex (Cammer et al., 1989; Tansey and
Cammer, 1991). Of these three GSTs, GST-pi has been
used as a specific marker protein for mature oligodendro-
cytes in the mammalian adult brain (Tanaka et al., 2003;
Mason et al., 2004; Gotts and Chesselet, 2005). However,
it was recently reported that glial cells containing GST-pi
protein in both the cytoplasm and nucleus were observed
in the gray and white matter of normal human brain (Terrier
et al., 1990). Thus, the properties of these GST-pi (+) cells
have yet to be determined. :

In the present study, we investigated the properties of
GST-pi (+) C-type cells and GST (+) N-type cells using
several specific markers of the oligodendrocyte lineage,
including differentiation state-specific markers. Further-
more, cell differentiation processes in this lineage were
observed using a flash labeling method with 5-bromode-
oxyuridine (BrdU).

EXPERIMENTAL PROCEDURES
Animals and BrdU injections

Adult male Wistar rats (SLC, Hamamatsu, Japan; 250-350 g body
weight) were used. All experimental protocols were approved by
the Ethics Committee on Animal Care and Use of Kansai Medical
University and were performed in accordance with the Principles
of Laboratory Animal Care (NIH Publication No. 85-23, revised
1985). Every effort was made to minimize the number of animals
used and their suffering. in order to label proliferating celis, rats
(n=9) were intraperitoneally injected with BrdU diluted with saline
(50 mg/kg body weight).

Histochemistry

Animals were deeply anesthetized with diethy! ether and perfused
transcardially with 4% formaldehyde buffered  with 0.1 M phos-
phate-buffered saline (PBS; pH 7.4) 2 h, 14 days, and 28 days
after BrdU injection. The brains were removed, post-fixed in 4%
formaldehyde buffered with 0.1 M PBS overnight at 4 °C, and then
immersed in 20% (w/v) sucrose solution. Coronal brain sections

0306-4522/07$30.00+0.00 © 2007 IBRO. Published by Elsevier Ltd. Al rights reserved.
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Fig. 1. Two subtypes of GST-pi (+) cells in cerebral cortex. (A) Double staining for GST-pi (green) and TO-PRO3 (red) in cortical layers | and il
of somatosensory cortex reveals two subtypes of GST-pi (+) cells; arrows indicate cytoplasmic GST-pi (+) cells, while the arrowhead indicates a
nuclear GST-pi (+) cell on the image of a single z-slice. (B, C) Single-z-slice images with ortho-images of confocal z-stacks (upper and right panels
in B and C) of GST-pi (+) cells in the areas indicated by boxes in A. Double-immunostaining for GST-pi (green) and lamin B1 (red) reveals that GST-pi
(+) cells include both GST-pi (+) C-type cells, which exhibit immunoreactivity for GST-pi in the cytopltasm (B, and arrow in C), and a GST-pi (+) N-type
cell, which exhibits immunoreactivity mainly within the nucleus (arrowhead in C). Scale bars=20 um in (A); 5 um (B, C).

(30-pm thickness, 0.26 mm to 3.80 mm posterior to bregma) were
prepared using a cryostat and collected as free-floating sections.

For detection of BrdU incorporation, brain sections were pre-
incubated in 50% formamide/2x saline-sodium citrate buffer for
2 h at 65 °C, incubated in 2 N HCI for 30 min at 37 °C, rinsed in

0.1 M boric acid (pH 8.5) for 10 min at 25 °C, and then washed~_-

with 0.3% Triton X-100 in phosphate-buffered saline (PBST), as
described previously (Tamura et al., 2004). For multiplex-immu-
nostaining, brain sections were incubated with several primary
antibodies at 4 °C for 12-36 h. The primary antibodies used in this
study were as follows: monoclonal mouse anti-GST-pi IgG (1:
1000, BD Biosciences, San Jose, CA, USA), polyclonal rabbit
anti-GST-pi 1gG (1:500, Medical and Biological Laboratories,
Nagoya, Japan), monoclonal rat anti-BrdU igG (1:10, Oxford Bio-
technology, Oxford, UK), polyclonal rabbit anti-Ki67 19G (1:1000,
NovoCastra, Newcastle, UK), monoclonal mouse anti-NG2 IgG
(1:200, Chemicon, Temecula, CA, USA), polyclonal rabbit anti-
NG2 IgG (1:200, Chemicon), monoclonal mouse anti-CNPase IgG
(1:20,000, Sigma, Taufkirchen, Germany), monoclonal mouse an-
ti-oligodendrocytes (clone RIP) IgG (1:20,000, Chemicon), and
polyclonal goat anti-lamin B1 IgG (1:100, Santa Cruz Biotechnol-
ogy, Santa Cruz, CA, USA). After washing with PBST for 30 min,
brain sections were incubated with secondary antibodies conju-
gated with Cy2, Cy3, or Cy5 (1:200, Jackson iImmunoResearch,
West Grove, PA, USA) for 4 h at 4 °C and washed with PBST for
30 min. The sections were mounted with TO-PRO3-containing
solution (Molecular Probes, Eugene, OR, USA)} and examined
using a confocal laser microscope (LSM510META Ver. 3.2; Carl
Zeiss, Oberkochen, Germany).

Cell counting procedure

Two brain sections were randomly selected from each animal.
The number of cells expressing each oligodendrocyte lineage
marker among GST-pi (+) cells was counted in 72 square
areas (150 umXx 150 pm, 12 square areas in each hemisphere)
randomly positioned in layers I-VI of cerebral cortex (motor
cortex, M1 and M2; somatosensory cortex, S1BF, S1DZ, S1FL,
S1HL, and S1Tr; and auditory cortex, Au1, AuD, and AuV; as
defined by Paxinos and Watson, 1998). The number of cells
expressing each cellular marker among alt BrdU-labeled cells
was counted in the same area of each animal. Data from each
animal were averaged.

RESULTS
Two subtypes of GST-pi (+) cells

GST-pi (+) cells were widely present throughout layers
I-VI of cerebral cortex of adult rats. Double staining for
GST-pi and TO-PRO3, a DNA marker, which allows visu-
alization of all cells, especially the nuclei, revealed two
different types of GST-pi (+) cells on the basis of intracel-
lular distribution of GST-pi immunoreactivity: cells exhibit-
ing GST-pi immunoreactivity in the cytoplasm (C-type
celis, arrows in Fig. 1A) and those exhibiting immunoreac-
tivity in the nucleus (N-type cells, arrowhead in Fig. 1A). In
order to visualize the nuclear membrane, immunohisto-
chemical staining for lamin B1, a nuclear envelope protein
(Kataoka et al., 2006; Takamori et al., 2007), was per-
formed. Confocal z-series analysis of double-immunofiuo-
rescence staining for GST-pi and lamin B1 clearly showed
that the C-type cells contained GST-pi mainly in the cyto-
plasm and little within the nucleus (Fig. 1B and arrow in
Fig. 1C), while N-type cells contained this protein mainly in
the nucleus and in small amounts in the cytoplasm, espe-
cially around the nucleus (arrowhead in Fig. 1C).

Expression of GST-pi in
oligodendrocyte-lineage cells

To examine the features of GST-pi (+) C-type and N-type
cells in the cerebral cortex, we performed double-immun-
ofluorescence staining using mature oligodendrocyte cell
markers (CNPase and RIP). All the cells immunopositive
for CNPase were GST-pi (+) cells (arrows in Fig. 2A).
However, GST-pi (+) cells without CNPase were also
observed (arrowheads in Fig. 2A). Cell counting revealed
that 72.6+2.8% (mean*S.D., n=1389 cells from three
animals) and 72.4+1.5% (mean*S.D., n=1338 cells from
three animals) of GST-pi (+) cells were CNPase (+) and
RIP (+), respectively. The distribution of CNPase (+) cells
was very similar to that of RIP (+) cells. The antigen
recognized with the RIP antibody has recently been iden-
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Fig. 2. Phenotypes of GST-pi (+) cells in cerebral cortex. (A, B) Triple staining for CNPase (green), GST-pi (red), and TO-PRO3 (blue) on images
of single z-slices. Arrows, GST-pi (+)/CNPase (+) cells; arrowheads, GST-pi (+)/CNPase (-) cells. (C) Triple staining for NG2 (green), GST-pi (red),
and TO-PRO3 (blue) on an image of a single z-slice. Arrowheads, GST-pi (+)/NG2 (+) cells. (D) A single-z-slice image with ortho-image of
confocal z-stacks (upper and right panels in D) of cells double-labeled (arrowheads) with NG2 (green) and GST-pi (red). Scale bars=20 um

(A, C); 10 um (B, D).

tified as CNPase (Watanabe et al., 2006). These findings
suggested that approximately 70% of GST-pi (+) cells are
CNPase (+) and RIP (+) mature oligodendrocytes, while
the remaining (approximate 30%) of GST-pi (+) cells were
not mature oligodendrocytes. Analysis of the intraceliular
distribution of GST-pi showed that all GST-pi (+)/CNPase
(+) cells and GST-pi {+)/RIP (+) cells were GST-pi (+)
C-type cells (arrows in Fig. 2B), whereas a majority of
GST-pi (+)/CNPase (-) cells were GST-pi (+) N-type
cells (arrowhead in Fig. 2B).

In the adult brain, oligodendrocyte progenitor cells
(OPCs) have been identified as NG2-containing cells
(Nishiyama et al., 1997; Dawson et al., 2000, 2003). We
therefore next performed immunofluorescence staining for
GST-pi and NG2 to examine the phenotype of residual
GST-pi (+) cells containing neither CNPase nor RIP. In the
cortex, all NG2 (+) cells observed in this study were

GST-pi (+) cells, and 28.5+2.3% (mean=S.D., n=1384
cells from three animals) of GST-pi (+) cells were immu-
noreactive for NG2 (arrowheads in Fig. 2C); in addition,
77.2+3.1% (mean+S8.D., n=498 cells from three animals)
of GST-pi (+)/NG2 (+) cells were GST-pi (+) N-type cells
(arrowheads in Fig. 2D) and 22.8+3.1% of them were
GST-pi (+) C-type cells. Almost all (99.2+0.1%) GST-pi
(+) N-type cells (=376 cells from three animals) were
immunopositive for NG2, while some NG2. (+)/GST-pi (+)
N-type cells exhibited very weak immunoreactivity for
GST-pi. No clear differences in morphology including cell
size and number of processes were noted between NG2 .
(+)/GST-pi (+) N-type cells and NG2 (+)/GST-pi (+) C-
type cells. It was confirmed that neither immunoreactivity

‘for CNPase nor that for RIP was observed in NG2 (+)

cells, as previously reported (Keirstead et al., 1998; Daw-
son et al., 2003).
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GST-pi (+
C-type

Fig. 3. GST-pi (+) N-type oligodendrocyte progenitor cells differentiated into GST-pi (+) C-type mature oligodendrocytes. (A-L) Triple immunola-
beling for GST-pi (green), NG2 (red), and BrdU (blue) on images of single z-slices. An NG2 (+)/GST-pi (+) N-type BrdU-labeled cell at 2 h after BrdU
injection (A-D). An NG2 (+)/GST-pi (+) N-type BrdU-labeled cell and an NG2 (+)/GST-pi (+) C-type BrdU-labeled cell (arrowheads) at 14 days after
BrdU injection (E-H). An NG2 (—)/GST-pi (+) C-type BrdU-labeled cell at 28 days after BrdU injection (arrowheads in I1-L). A~C, E~G, and 1-K are
at the same magnification; scale bar=10 um (K). D, H, and L are at the same magnification; scale bar=10 um (L). (M) Schema of pattern of
immunoreactivity for GST-pi (green) and NG2 (red) in oligodendrocyte-lineage cells.

Nuclear GST-pi (+) (N-type) cells differentiate into
cytoplasmic GST-pi (+) (C-type) cells

To determine whether GST-pi (+) N-type cells differentiate
into GST-pi (+) C-type mature oligodendrocytes in vivo,
triple-immunofluorescence staining for BrdU, GST-pi, and
NG2 was performed using brain sections taken at several
time points after a single injection of BrdU. At 2 h after
BrdU injection, 94.7+1.9% of BrdU-labeled cells (mean=
S.D., n=134 cells from three animals) were NG2 (+)/
GST-pi (+) N-type cells (Fig. 3A-D). Almost all Ki67 (+)
cells corresponded to GST-pi (+) N-type cells (data not
shown), indicating that these cells were the major prolifer-
ating cell population. At 14 days after injection, in addition
to BrdU-labeled NG2 (+)/GST-pi (+) N-type cells
(82.8+4.6%; mean+S.D., n=201 cells from three ani-
mals), 9.7£2.0% (mean*S.D., n=201 cells from three
animals) of BrdU-labeled cells were NG2 (+)/GST-pi (+)
C-type cells (arrowheads in Fig. 3E-H). However, no NG2
(—)/GST-pi (+) C-type cells were observed among BrdU-
labeled cells. These findings suggest that NG2 (+)/GST-pi
(+) C-type cells are at the intermediate-differentiation
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stage in the oligodendrocyte lineage. At 28 days after
injection, in addition to BrdU-labeled NG2 (+)/GST-pi (+)
N-type cells (74.0+4.0% of BrdU-labeled cells, mean=*
S.D., n=227 cells from three animals) and NG2 (+)/
GST-pi (+) C-type cells (11.8=2.0% of BrdU-labeled cells,
mean=S.D., n=227 cells from three animals), 8.5+1.2%
of BrdU-labeled cells (mean=+S.D., n=227 cells from three
animals) were NG2 (—)/GST-pi (+) C-type cells (arrow-
heads in Fig. 3I-L). These findings indicate that GST-pi
(+) N-type cells differentiate into GST-pi (+) C-type ma-
ture oligodendrocytes.

DISCUSSION

It has been reported that GST-pi is expressed in carbonic
anhydrase- or CNPase-positive mature oligodendrocytes
in the adult rodent brain (Cammer et al., 1989; Tansey and
Cammer, 1991). In the present study, we found, in the
cerebral cortex of adult rats, that approximately 70% of
GST-pi (+) cells were CNPase (+) and RIP (+) mature
oligodendrocytes (Fig. 2A and B), while the residual 30%
were NG2 (+) oligodendrocyte progenitor cells expressing
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neither CNPase nor RIP (Fig. 2B and C). Although GST-pi
has been used as a specific marker protein for identifica-
tion of mature oligodendrocytes (Tanaka et al., 2003; Ma-
son et al., 2004; Gotts and Chesselet, 2005), our findings
indicate that careful usage of it will be necessary.

We demonstrated that two types of GST-pi (+) cells
exhibited different subcellular localizations of GST-pi pro-
tein; mature oligodendrocytes contained GST-pi protein
mainly in the cytoplasm (C-type cells) (Fig. 1B and arrow in
Fig. 1C), while progenitor cells contained the protein
mainly within the nucleus (N-type cells) (arrowhead in Fig.
1C). Even on confocal laser microscopy, it was occasion-
ally difficult to distinguish between the N-type and C-type
cells at low magnification (Fig. 2C). However, use of the
profile mode of confocal laser microscope software at high
magnification permitted identification of such cell types on
the basis of fluorescence intensity.

These findings were demonstrated by immunohisto-
chemical studies with both monoclonal and polyclonal
anti-GST-pi antibodies. Furthermore, we confirmed by
Western blotting that both monoclonal and polyclonal
antibodies recognized only 23 kDa GST-pi protein in
tissue homogenates from cerebral cortex of adult rats
(data not shown).

In the BrdU-labeling study, almost all BrdU-labeled
cells were NG2 (+)/GST-pi (+) N-type cells at 2 h after
BrdU injection (Fig. 3A-D). At 14 days after injection, NG2
(+)/GST-pi (+) C-type cells began to appear besides NG2
(+)/GST-pi (+) N-type cells among BrdU-labeled cells (ar-
rowheads in Fig. 3E-H). At 28 days after injection, NG2
(=)/GST-pi (+) C-type cells could be observed among
BrdU-labeled cells in addition to the types of cells observed
‘at 14 days (arrowheads in Fig. 3i-L). These findings indi-
cate that NG2 (+)/GST-pi (+) N-type cells differentiate into
mature oligodendrocytes, which are NG2 (—)/GST-pi (+)
C-type cells, through intermediate cells, which are NG2
(+)/G8T-pi (+) C-type cells (Fig. 3M).

Nuclear expression of GST-pi has been reported in
human uterine cancer (Shiratori et al., 1987), human met-
astatic neuroblastoma (Hall et al., 1994), and human gli-
oma (Ali-Osman et al., 1997). These observations suggest
that nuclear GST-pi expression is related to cellular prolif-
eration. Indeed, in the present study, only NG2 (+)/GST-pi
(+) N-type cells exhibited proliferative activity among
GST-pi (+) cells in adult cortex (Fig. 3A-D). Although the
functional significance of translocation of GST-pi protein
from the cell nucleus to the cytoplasm remains to be de-
termined, observation of the intracellular location of these
markers permits identification of the stages of differentia-
tion of oligodendrocyte lineage cells.
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Abstract

This paper describes the recent development of a low-noise analog front-end ASIC for CdTe detectors. The ASIC is designed on the
basis of the Open-TP LSI project led by JAXA and implemented using TSMC 0.35-um CMOS technology. The ASIC contains eight
identical channels, each of which includes a charge-sensitive amplifier, band-pass filters, and a sample-and-hold circuit. Preliminary
testing of the ASIC achieved noise performance of 188¢~ + 7.5¢~ /pF. In order to verify the low-noise characteristics, the ASIC was
connected to a guard-ring-equipped CdTe diode detector with dimensions of 2.4 x 2.4 mm and having a thickness of 0.5mm. As a result,
the gamma-ray spectra of radioactive sources were obtained with good energy resolutions of 2.51 and 2.35keV (FWHM) for gamma rays

of 59.5 and 122keV, respectively, at-room temperature.
© 2007 Elsevier B.V. All rights reserved.

PACS: 29.30.Kv

Keywords: ASIC; Open-IP; Low noise; X-ray; Gamma ray; CdTe; Analog front-end

1. Introduction

One of the primary objectives of future X-ray missions is
to explore the universe with very high sensitivity in the
10-100keV band, where nonthermal emission becomes
dominant over thermal emission. This exploration could be
achieved by employing a multilayer, grazing incidence hard
X-ray telescope (“super mirror”) in conjunction with a
hard X-ray imaging detector used as a focal plane detector
[1-3]. The detector system would require a high energy
resolution of better than 1keV (Full-Width-at-Half-Max-
imum or FWHM) at 60keV and a spatial resolution of
better than 200 um. Cadmium telluride (CdTe) has been
considered a promising semiconductor material for
focal detector systems, given its high stopping power of

*Corresponding author. Institute of Space and Astronautical Science,
Japan Aerospace Exploration Agency, Sagamihara, Kanagawa 229-8510,
Japan.

E-mail address: kisisita@astro.isas.jaxa.jp (T. Kishishita).

0168-9002/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.nima.2007.07.003 .

X-rays and gamma rays. Significant progress has been
made in crystal growth technology to enable the develop-
ment of large-area detectors, with good energy resolutions
being reported in combination with several low-noise
ASICs [4-8].

In the past few years, we have been working on the
development of low-noise analog ASICs for gamma-ray
detectors; specifically, one-dimensional ASICs [9] and two-
dimensional ASICs [10]. The one-dimensional ASICs have
relatively simple circuits and the main objective is to
construct a set of verified designs of circuit blocks to be
used for signal processing in radiation detectors. Con-
versely, the two-dimensional ASICs were developed for the
hybrid pixel imaging detector to be used in the hard X-ray
and gamma-ray observations in space. Both ASICs have
reached a noise level of less than 300e~, although practical
use requires further improvement of noise performance.

To achieve ASICs of even lower noise, we have newly
developed a one-dimensional, eight-channel, low-noise
analog ASIC designated the “KWO01”. The main objective
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here is to demonstrate the newly designed circuit blocks
and establish a low-noise architecture. All circuit archi-
tectures are based on the Open-IP LSI project led by JAXA
[9-11]. Since Open-IP consists of reusable circuit blocks
extracted from our ASIC designs, the circuit library is
flexibly updated with and applicable to the further
development of low-noise two-dimensional ASICs.

This paper presents the design and initial performance of
the KWOLI chip. Section 2 describes the basic structure of
the KWO1 and details the circuit schematics. The ASIC
employs a newly designed high-impedance circuit instead
of an FET used as a transfer gate for a feedback
component, as is often used in several low-noise ASICs
{12-18)]. Section 3 presents the setup of the performance
measurements. Section 4 gives the preliminary experimen-
tal results of ASIC performance. Section 5 reports on
the spectral performance in combination with a CdTe
diode detector. Finally, Section 6 gives a summary and
conclusion.

2. Circuit description
2.1. Overview of the ASIC

The KWO0I is implemented using TSMC 0.35-um CMOS
technology with such options as 4-metal, 2-poly, and
mounted in a plastic-mold package. Fig. 1 shows a
photograph of the ASIC. The chip size is 2.95 x 2.95mm
with eight readout channels, and has total power con-
sumption of 33mW for the power rails of £1.65V. There

Fig. 1. Photograph of the KWOI. Pads on the right and the bottom-right
sides are for the digital circuits, and the others for analog circuits. Inputs
for injected charge are on the left, with analog signals processed in the left-
to-right direction. Output and monitor pads are on the top side. Bias
voltages are supplied from both the top and bottom pads.

s

exists some penalty on the power consumption to improve
the dynamic range. The buffer circuits equipped for
monitoring analog signals also contribute additional power
dissipation. In order to mitigate interference between the
analog and digital circuits, special care was taken for the
layout as follows: (a) the area surrounding the entire chip is
separated between the analog and digital circuits, (b) the
digital circuits are concentrated on the right side of the chip
and analog signals are processed in the left-to-right
direction, and (c) bias and reference voltages are supplied
from the top and bottom sides of the chip. Table 1 lists an
overview of the ASIC.

2.2. Analog processing

The analog circuit chain consists of a charge-sensitive
amplifier (CSA), band-pass filters, comparator, and sam-
ple-and-hold circuit as shown in Fig. 2. CSA input is
provided with an ESD protection circuit. A capacitor
(Cin = 0.1pF) is attached for test pulse injection. CSA
output is split into two different filter circuits whose circuit
architectures are identical except for the time constants.
The faster circuit (with a peaking time of 1.5 ps) is fed into
the comparator to generate a hit signal with an one-shot
trigger circuit. The slower circuit (with a peaking time
of 3 us) is connected to the sample-and-hold circuit with a
storage capacitor of C,, = 0.8 pF. Analog outputs for the
eight readout channels are held simultaneously by a
properly timed external signal and serially read out in a
multiplexing scheme.

The transfer function of the CSA is given as

Ry
1 + sCrR¢ (1)

where s denotes the complex angular frequency, Rr the
feedback resistance, and Cy the feedback capacitance.

In order to focus on the basic properties of the circuit
chain in the present ASIC, a pole-zero-cancellation circuit
is not employed. Instead, we adopted a large decay-time
constant of C¢Ry for the CSA and attempted to reduce the
undershoot as well as decrease the contribution of shot
noise.

Fig. 2 shows the filter circuit as a rectangle of dashed
lines. The transfer function of the filter circuit is given as

SC0R1
S2CiCR IRy +sR\Cy + 1 )

T(s)=

Ty(s) =

)

Table 1
Overview of the KWO01

Fabrication process TSMC 0.35-um CMOS

Options 4-metal, 2-poly
Chip size 2.95 x 2.95mm?
Number of channels 8

Total power consumption 33mW

Power rail - +1.65V
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Fig. 2. Signal processing chain for each channel. Here, typical values of the capacitors and resistors are Cj, = 0.1 pF, Ry = 400MQ, C; = 0.02/0.04 pF,
Co =3.2/6.4pF, C = C; =0.5/1.0pF, R, = R| = 6 MQ, C = 0.66/1.32pF, C, = C, =0.1/0.2pF, R; = R, = 1.5MQ, C, = 0.8pF.

By setting the parameters as CiR| = 4C,R,, the transfer
function is reduced as
SC()R]

T (2sCRy + 1) ®)

This circuit has a degenerated pole at s = —~1/2C,R; and
functions as a low-pass filter. Eventually the entire transfer
function of the signal processing chain is given by
T((s) - T2(s), which yields

Rf SC()R]
1+5CeRr (25CRy + 1)?

C))
By assuming C¢Rr»1/|s|, the zero of T»(s) compensates
the pole of T(s) and the transfer function is rewritten as

G 1Tu
Cr-Ci (s+1/Ty)* -

®)

where we employ the relation Ty = 2C,R;. In case CiR; is

not negligible compared to Ty, the transfer function is

given as

2 Co 1 /TM s
Ce-Cy (s+1/Tm)?* (s+1/CeRp)’

(6)

Should this be the case unlike in Eq. (5), undershoot
occurs, although a high count rate is not required in space
applications. Thus, the degradation of pulse height is
thought to be sufficiently small.

As for the case of Eq. (5), the entire circuit functions as a
CR-RC shaper and the equivalent noise charge is written as

follows [19]:

&2 4kT
(E) [(2"“ +R—,,) T

2
+(4kTRs) - b, 4ArCf)} ™
Ty

where g denotes the electronic charge, k the Boltzmann
constant, 7 the absolute temperature, .I4 the detector
leakage current, R, the input shunt resistance located in
parallel with the detector capacitance Cp, Ty the peaking
time of the shaper, Rg (= 2/3g,, in the simplest presenta-
tion) the resistance equivalently located in series to the
preamplifier input, and Ay the coefficient of the 1/f noise
component.

2.3. Charge-sensitive amplifier

Fig. 3 shows the detailed CMOS circuit configuration of
the CSA. The CSA consists of a preamplifier, feedback
circuit, and feedback capacitor Ci. The amplifier part
consists of a folded cascode amplifier with a gain boost for
the cascode transistor. Table 2 lists the dimensions of the
PMOS input transistor and the main characteristics of the
CSA. The feedback circuit consists of four p-channel
transistors operated in a weak-inversion mode where the
source drain current is linear with respect to the difference
between the gate voltages of M2 and MS (in Fig. 3). The
impedance is equivalent to the total transconductance of
M2 to MS and the effective impedance of Ry is about
400 MQ. These circuit blocks were commonly employed in
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Fig. 3. Detailed schematic of the charge-sensitive amplifier.

Table 2 )
Parameters for the charge-sensitive amplifier

Main characteristics

Input transistor dimensions (W/L/M)
Transconductance (g,)

Effective impedance of feedback circuit (Ry)
Feedback capacitance (Cr)

PMOS input, gain-boost for cascode
1440 um/1.8 pm/180

1.73mS with 74 = 107 pA

~ 400 MQ

0.02/0.04 pF

previous ASICs [9,10]. Feedback capacitor C; can be
selected among 0.02 and 0.04 pF.

2.4. High-resistance circuit

Fig. 4 shows a detailed schematic of the high-resistance
circuit. Current Ir flows into a 20-kQ resistor R according
to the difference in voltage between nodes VIN and IOUT.
Assuming matching among the geometrically identical
MOS devices, Ir is divided between M1 and M2, or M3
and M4. The drain currents of M1 and M4 are given as
I x Iy, while those of M2 and M3 as %xIg. This
partitioning factor is determined by the M value, which
indicates the number of FET gates arranged in parallel.
The following current mirrors of M5 to M6 and M7 to M8
set the output current at ,—(‘)(—) x Ir at node IOUT. As a
result, the overall circuit virtually boosts the impedance
value of resistor R by an attenuation factor of 100, and
thus functions as a 2-MQ resistor. The reference current
supplied from outside the chip is attenuated in the bias
circuit and then applied to. the high-resistance circuit as
constant current sources (M9 and M10). Fig. 5 shows
simulated frequency characteristics of the high-resistance
circuit as obtained through circuit simulation. Eventually
the effective impedances of R; and R; in Fig. 2 are about
1.5MQ (with an attenuation factor of 100), while those of

R, and R] are about 6 MQ (with an attenuation factor
of 400).

2.5. Control scheme

Each channel contains a 15-bit configuration register.
Three bits are used for switching the decay-time constant of
the CSA, six bits for baseline equalization (three bits per
filter circuit), three bits for threshold equalization, one bit
for masking noisy channels, one bit for selecting the
polarity of input signals, and one bit to enable the test
input pulse. In addition, a five-bit central register is
equipped to provide common settings among the channels.
Two bits are used for selecting monitor output among the
CSA and slow and fast filters, two bits for switching the
peaking time of the filter circuits (one bit per filter circuit),
and one bit for selecting the preamplifier gain (C; = 0.02 or
0.04 pF). All bits are stores in D-type flip-flops.

3. Setup of performance measurements

In the experimental setup, the ASIC is held in a QFP-80
socket mounted on the test board. The test board is also
placed in a light-shielded aluminum box. The interface with
a computer is established using a National Instruments
PCI-7833R board that contains a reconfigurable FPGA.
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Fig. 4. Detailed schematic of the high-resistance circuit.

107 ¢ . . . . . | ' | Vop = 1.65V and Vss = —1.65V, the signals must be
C converted from or into LVTTL signals for the PCI-7833R
5 [~ 7 Iref:100uA h board. Given the typical offset voltage of 1V for
FT :re::;gg:ﬁ 1  commercial LVDS drivers, their outputs are leveled down

L — — Iref.

Impedance [Q]

10° ) ] A ! . 1 L
100 102 104 106 108

Frequency [Hz]

Fig. 5. Frequency characteristics of the high-resistance circuit with SPICE
simulation. ¢ is a reference current supplied to a bias circuit connected
to the resistance circuit.

LabView software tools were used to control the readout
sequence. The interface signals are organized into three
groups: CMOS inputs, LVDS inputs, and LVDS outputs.
Since CMOS signals for the KW01 are operated with
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in DC by 1V before being fed into the chip. In order to
mitigate interference with an analog processing chain, we
chose LVDS for the trigger and hold signals.

4. Experimental results
4.1. Waveform of analog output

Fig. 6 shows the measured waveform traces of analog
outputs with both positive and negative input charges of
2fC. All measurements were performed in high gain mode
(where C; =0.02pF). Although the peaking times are
longer than in the simulation, the negative ones are closer
to the design value. The pulse heights are consistent with
the simulation results. As shown in the upper panel in
Fig. 6, note that the undershoot or overshoot is not
excessive even without a pole-zero-cancellation circuit. In
the case of T =3ps, CrRr (=8pus) is not negligible
compared with Ty and the undershoot is shown somewhat
in the lower panel of Fig. 6. However, our application
required no high count rate.
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4.2. Linearity

Fig. 7 shows the linearity curves of a typical channel. The
configuration settings are the same for both negative and
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Fig. 6. Measured analog waveforms of a typical channel together with
simulation data points (dot-dash line). The upper panel shows the data for
Twm = 1.5us mode and the lower for Ty = 3 us mode. The injected test
pulse is 2 fC.
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Fig. 7. Linearity curve of a typical channel. The measured data points are
shown together with the simulation results (dotted line). The circles are the
data points for Cr = 0.04pF and squares for Cr = 0.02pF. The lower
plots indicate the residuals between data points and linear functions.

positive input signals. As this figure shows, the linearity
curves are consistent with the simulation results until a
maximum output swing of about 1V.

The lower panel of Fig. 7 shows the residuals between
the measured data points and linear functions. Note that
different linear functions are used for calculating the
residuals between positive and negative polarities. The
linearity curve between —4 and +3.5fC is maintained with
an integral nonlinearity of 5% in high gain mode
(Cr = 0.02 pF), while that between —10 and +7fC in low
gain mode (C; = 0.04 pF).

4.3. Noise performance

Fig. 8 shows the measured noise performance. The rms
noise is 188e~ + 7.5¢~/pF for a peaking time of 3 ps and
205¢~ 4 10.6e~ /pF for a peaking time of 1.5us. Although
the noise slopes are nearly consistent with the simulation
results, the curves have an excess of 210e~. The origin of
that excess is being investigated. The measurements were
performed with the ASIC in a plasticcmold package
mounted on a burn-in socket, and thus the intrinsic noise
level is expected to be.lower than the measured value. The
theoretically expected noise level is 48¢~ at input capaci-
tance of OpF.

4.4. Channel-to-channel variations in analog performance

The other aspects of analog performance were evaluated
for 10 chips (a total of 80 channels). Table 3 summarizes
the measurements. -

Fig. 9 shows the distribution of the CSA baseline. We
found that 11 channels strayed too far from ground level
and did deliver analog outputs. This phenomenon is
probably due to excessively large leakage current of the

800 -+ r———— T
[ e tpeak:3us 1
L o tpeak: 1.5 us
L o
600 1
5
g
©, 400
p |
R
=]
2
200 §

0 10 20 30 40
Input capacitance {pF]

Fig. 8. Input capacitance versus noise level (ENC). The solid and dot-
dash lines show results from a circuit simulation, and the circles and
squares are the measured data points.
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Table 3

Summary of analog performance

Gain 205 mV/fC for Cr = 0.02pF,
) 1H2mV/fC for C; = 0.04pF

Gain variation 5.5%

Noise level 188¢~ + 7.5¢™ /pF (rms)

Peaking time
Peaking time variation (¢)

393 or 1.95us
6.1% chip-to-chip

10 + -
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Fig. 9. Baseline distribution of the CSA.
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Fig. 10. Baseline distribution before adjustment.

ESD protection circuit in competing with the feedback
current of the CSA. To resolve this problem, a leakage
current compensation circuit will be employed in the next
ASIC. '

Figs. 10 and 11 show the baseline distribution before and
after adjusting the offset DACs, respectively. The baseline
distributions of the slow and fast filters without adjustment
are 19+ 169 and 6 £ 183mV, respectively. Applying the

T —
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Fig. 11. Baseline distribution after adjustment.

baseline adjustment improves the distributions to —3 4 60
and —2 + 80mV, respectively. However, these values are
still larger than the trimming range of the threshold, which
is SmYV per bit. In the present ASIC, the baselines can only
be adjusted in a negative direction, and thus the distribu-
tion is asymmetric and broadens in the negative direction.
The baseline distribution may be due to the dispersion in
components caused by irregularities in the manufactur-
ing process. Therefore, ghe adjustable ranges of the
offset DACs and trim DACs must also be extended for
practical use. .

5. Measurements with a CdTe detector

To verify low-noise performance, the ASIC must be
assembled together with a CdTe detector. The detector is
based on the high-quality single CdTe crystal manufac-
tured by ACRORAD of Japan. With the use of indium (In)
and platinum (Pt) for the anode electrode and cathode
electrode, respectively, this device works as a Schottky
diode. This-device has lower leakage current than ohmic
detectors and allows higher bias voltages to be applied,
leading to almost full charge collection [20]. Moreover, the
cathode electrode is covered by a guard ring to reduce the
leakage current of the detector [21]. The detector measures
2.4 x 2.4mm in size and 0.5-mm thick, and is covered by a
guard ring I mm in width.

Since the spectral performance depends on the leakage
current and detector capacitance, the leakage current must
be measured before connection with the ASIC. Positive
voltages were applied to the indium electrode using a
Keithley 237, and current on the cathode side was
measured using a Keithley 6517A. As a result, the
measured leakage current was 12pA with a bias voltage
of 600V at 20°C, and the detector capacitance was 1.2 pF.

Fig. 12 shows the setup for the spectral measurements.
An electric wire of about lcm is used for connection
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between the active area of the cathode electrode and the
DIP socket mounted on the test board. The DIP socket is
wired to the QFP-80 socket pins corresponding to the CSA
input. We obtained the gamma-ray spectra of radioactive
sources ' Am (in Fig.13) and *’Co (in Fig. 14) with C; =
0.02 pF and self-trigger mode at an operating temperature
of 20°C and a bias voltage of 600 V. The channel peaking
time was measured using the waveform before obtaining
the spectra, and its value was 4.13 ps with the detector. The
energy resolution is 2.51 keV (FWHM) for a gamma ray of
59.5 and 2.35keV (FWHM) for a-gamma ray of 122keV.
The test pulse spectra were obtained with an injected
charge of 2fC (equivalent to about 55.4keV in the CdTe
detector) and shifted in right direction for comparison. As
for the ’Co spectrum, the gain was carefully calibrated
with a quadratic function, because the peak energy of
122 keV is around the maximum output swing of 1 V. Note

here that common mode noise correction was not

performed for the output amplitude of the ASIC.
According to the width of pedestal distribution, the

observed noise is 259¢™ (rms), while the noise level of this

channel without the detector is 212e~ (rms). Thus, the

noise residual is given as 149e~(= \/(259)2 - (212)%). The

contribution of the equivalent noise charge (Qﬁ) from the
leakage current (/4) is calculated by the first term of Eq. (7)
as follows: :

2

2_ . e . .
On=12 [nA-ns] Ig- Ty ®)

where the equivalent noise charge is expressed in electrons.
If we assume Ty =3.93us and I4 = 12pA, the noise
contribution from the detector leakage current is 24e”.
This value is too small to explain the noise residual. The
origin of the excess noise is being investigated, although we
speculated that the parasitic capacitance, which may be
caused by an assembly issue, is added to the total input

Pt
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_J—___—l Guard Ring
e \\
*\
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- +H.V,

Fig. 12. Setup of the spectral measurements with a CdTe diode detector.
The cathode face (Pt) is divided into the guard ring and the central plane
(active area). .
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Fig. 13. Spectrum of 2*!Am with the ASIC connected to a Shottky CdTe
diode. The CdTe measures 2.4 x 2.4 x 0.5 mm in size and has a guard ring.
The bias voltage is 600 V and operating temperature 20°C.
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Fig. 14. Spectrum of 3’Co with the ASIC connected to a Shottky CdTe
diode. This is obtained in the same condition as the spectrum of 2*' Am.

capacitance. To address this assembly issue, we are now
designing a low-noise ceramic carrier for the bare chip.

6. Conclusion

We are developing low-noise, front-end ASICs to read
out CdTe detectors for future astrophysical applications.
In order to establish low-noise circuit architectures, an
eight-channel ASIC has been developed based on the
Open-IP LSI project. By using the newly designed high-
resistance circuit, the ASIC operates both for positive and
negative signals with a wide dynamic range up to an input
charge of 7fC. The equivalent noise level of 188e~ +
7.5¢~ /pF (rms) has been reached for power consumption
of 4mW per channel. To verify the low-noise character-
istics, we combined the ASIC with a CdTe diode detector
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