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Abstract

The term 'heat shock protein (Hsps)' was derived from the fact that these proteins
were initially discovered to be induced by hyperthermic conditions. In response to a
range of stressful stimuli, including hyperthermia, immobilization, UV radiation, amino
acid analogues, arsenite, various chemicals, and drugs the mammalian brain
demonstrates a rapid and intense induction of the heat shock protein. Moreover, Hsps
were expressed on the various pathological conditions including trauma, focal or
global ischemia, hypoxia, infarction, infections, starvation, and anoxia. Especially,
Hsp25 has a protective activity, facilitated by the ability of the protein to decrease
the intracellular levels of reactive oxygen species (ROS) as well as its chaperone
activity, which favors the degradation of oxidized proteins. Recently, it has clearly
demonstrated that Hsp25 is constitutively expressed in the adult mouse cerebellum
by parasagittal bands of purkinje cells in three distinct regions, the central zone
(lobule VI-VID) and nodular zone (lobule IX-X), and paraflocculus.

The Mongolian gerbil has been introduced into stroke study model because of its
unique brain vasculature. There are no significant connections between the basilar-
vertebral system and the carotid system. This anatomy feature renders the mongolian
gerbil susceptible to forebrain ischemia—induced seizure.

The present study is designed to examine the pattern of Hsp25 expression in the
cerebellum of this animal in comparison with that in mouse.
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Introduction

Heat shock proteins (Hsps) were dis-
covered in 1962 when Ferruccio Ritossa
and his co—worker noted that tempera-
ture shock had induced odd puffing
patterns and an unusual profile of gene
expression in the polytene chromosomes
of salivary glands in Drosophila melano
gaster larva’. However, not until 1974
were the first products of these genes
identified and the term Hsps coined?.

In response to various forms of stress,
including hyperthermia and ischemia,
cells from many organisms increase the
expression of a class of proteins are
referred to as Hsps®™®
also referred to as stress proteins.

Hsps are classified according to their
molecular weight into general families;
Hspl10 (110 kDa), Hsp90 (84—-90 kDa),
Hsp70 (68—78 kDa), and the small Hsps
(20-30 kDa)?.

In injured cells, Hsps contribute to cellu-
lar repair processes by refolding denatu-
red proteins®”. It is now clear that
many Hsps are also constitutively ex-
pressed and are believed to act as mole-
cular chaperones during regular protein
translocation or folding®® 'V,

The murines Hsp25 is
protein to the rat 27—kDa heat shock
protein Hsp2712'13). The Hsp25 is consti-
tutively expressed in many motor and

. They are thus

sensory neurons of the brain stem and
spinal cord’”®. In addition, the Hsp25 is
highly and selectively inducible in astro-

12.14.15) 19 However very

cytes and neurons
little is known about the function of this
low molecular weight Hsps in the central

nervous system. In contrast, in non-

homologous

neuronal cells a number of functions
have been suggested for Hsp25/27 such
as acting as a molecular chaperonem,
regulation of actin dynamicslg’lg), regulat-
ing antioxidative activity? *?, and block-
ing apoptosiszz'za).

Hsp25
abundant in various thalamic subnuclei.
during postnatal development, but no
Hsp25 immunoreactivity is seen in the
thalamus of the adult mouse®’. Hsp25
immunoreactivity was observed in the
Purkinje cells of adult mouse cerebellar
vermis”.

Hsp2b is not the only heat shock
protein that is constitutively expressed
in the rat cerebellum. Hsp25 immuno-

immunoreactive neurons are

reactive motorneurons are seen at all
levels in the ventral spinal cord in the
rat, the development and adult mouse®’.
During development, Hsp25/27 is transi-
ently expressed in Purkinje cells in the
embryonic rat cerebellum, whereas in
the adult mouse cerebellum, this protein
is detected in a subset of Purkinje cells.
Recently, Armstrong et al¥ demonst-
rated a marked difference between the
adult cerebellar distributions of Hsp27 in
the rat and Hsp25 in the mouse. In the
adult rat cerebellum, Hsp27 immuno-
reactivity is not expressed in Purkinje
cells. On the other hand, in the adult
mouse cerebellum, Hsp2b is constitutive-
ly expressed in parasagittal bands of
Purkinje cells in three distinct regions.
There are no previous descriptions of
Hsp25 expression in the mongolian gerbil.
In this study, we explored the constitu-
tive expression if Hsp25
mouse cerebellum and gerbil cerebellum
by immunohistochemistry and double

in normal
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immunofluorescence to determine its dis-
tribution and whether it is associated
with specific classes of neurons. These
results also raised the possibility that
strain difference of Hsp25 expression in
cerebellum.

Materials and Methods

Animals

All mice used in this study came from
a breeding
Korean Research Institute of Bioscience
and Biotechnology (KRIBB) and housed
in a constant temperature room (237T)
constant humidity (45-50%), with a 12
hrs light: dark cycle and access to food
and water ad Ltum. 110 days old Balb/C
mouse (n=10), and 110 days old gerbils
(n=10) used in this study. All experi-
mental procedures were carried out in
accordance with the National Institutes
of Health (NIH) Guidelines for the Care
and Use of Laboratory Animals.

colony maintained at the

Tissue preparation

Both animals were deeply anesthetized
with intraperitoneal injection of sodium
pentobarbital (25 ¢g/10 g body weight), and
perfused transcardially with Bouin’ s
solution These
perfused brains were removed from the
skull and placed immediately in the
fixative at 4C for 4 hrs. These post-
fixed brains were transferred to 0.1M
phosphate buffer saline (PBS), dehydrat-
ed, clearing (with xylene), embedded in
paraffin, and sectioned serially in the
coronal and sagittal plane at 5 um thick-
ness. Cerebellar sections were irradiated

without acetic acid.

with microwaves for 5 min in 10 mM cit-
rate buffer (pH 6.0), and processed for
immunohistochemistry and immunofluores-
cence.

Immunohistochemistry

For immunohistochemistry, cerebellar
sections were rinsed for in PBS contain-
ing 0.3% Triton X—100 and were then
incubated in 1% hydrogen peroxidase in
0.1M PBS (0.9% NaCl in 0.1 M PB, pH
7.4). They were then in PBS and incu-
bated in the primary antibody [anti—
Hsp25 (1:1,000, Stressgen, USA) and
anti—calbindin D—28kDa (1 : 5,000, Sigma,
USA)] for 15—18hrs at 4C. Sections
were then washed three times for 15
min each 0.1 M PBS and incubated in
0.1 M PBS containing biotinylated anti—
mouse IgG (for calbindin D—28kDa, 1:
200, Vector, USA) or biotinylated anti-
rabbit IgG (for Hsp25, 1:200, Vector,
USA) for 3 hrs at 38C. After incubation
in  secondary antibody,
sections were washed 3 times for 15
min in 0.1 M PBS and the reacted with
the Vectastain ABC elite Kit (1: 200,
Vector, USA) for 3 hrs at 38T incu-
bator. The immunoreactive product was
visualized with 0.01% 3,3" —diaminoben-
zidine tetrachloride (DAB, Sigma, USA)
in 0.03% hydrogen peroxide (H203) as a
chromogen. Sections were dehydrated,
cleared, and cover—slipped.

the cerebellar

Double immunofluorescence

Cerebellar sections for immunofluores-
cence were washed for 15 min each in
0.1 M PBS (pH 7.4). The tissue was then
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incubated in PBS containing 10% normal
goat serum (Jackson ImmunoRes, West
Grove, PA, USA) for 60min and incu-
bated in PBS containing a combination of
the primary antibody anti—Hsp25 (1:
1,000, Stressgen, USA) and anti—calbin-
din D—-28kDa (1:5,000, Sigma, USA)] or
16-18 hrs at 4T. Following incubation
in primary antibodies, sections were
washed for 15 min in 0.1 M PBS buffer
and then left in PBS containing Cy3-
conjugated goat anti—rabbit and Cy2-
conjugated goat anti—mouse secondary
antibody (1:1,000, Jackson ImmunoRes,
USA) for 24—48 hrs at 4T. After incu-
bation in secondary antibody, the sec-
tions were washed for 15 min in 0.1 M
PBS, mounted onto poly—L-—lysine coated
slides, air—dried overnight, cleared in 0.1
M PBS, and cover—slipped with non-
fluorescencing mounting medium (Fluor-
sae Reagent; Calbiochem, USA).

Image capture and photography

Results of immunohistochemistry and
double immunofluorescence were quanti-
fied with a computer—based image analy-
sis system. The system included a Leica
digital camera (DF480, Leica, Germany)
mounted on an light microscope (DMR,
Leica, Germany).

The digital camera was connected to a
IBM computer. The images of immuno-
stained cerebellar sections were captu-
red by the Leica capturing program
embedded in photoshop 6.0 (Adobe, USA).
The digital signals from the camera were
converted into a color/gray scale digital
image consisted of a 2,560 X 1,920 grid
of pixels. The brightness level of each

pixel ranged from O to 255 gray levels.
To capture the images, a cerebellar sec-
tion was selected and the point of focus
was moved off the tissue without chang-
ing any setting and then a blank field
was captured. The selected section was
assembled in Adobe Photoshop 6.0 Ima-
ges were cropped and adjusted for bri-
ghtness and contrast but not otherwise
manipulated.

Results

The cerebellar cortex is subdivided
both mediolaterally and rostrocaudally
into reproducible zones and strips that
can be demonstrated by the presence or

absence of molecular marker37‘39'42), the

distribution of afferent connections® %,

and functional analysissg"m.

Rostrocaudal boundaries divide into four
transverse zones: the anterior zone (AZ: ~
lobules I —V), the central zone (CZ: ~
lobules VII), and the nodular zone (NZ: ~

lobules IX—X )34,
Hsp25 expression in mouse cerebellum

Coronal sections taken through the caudal
to rostral extent of the Ba/b/C mouse
Hsp25-
immunoreactive Purkinje cells were con-
fined to two regions of the vermis — the
lobules VI~VI and X~X (Fig 1A, 2A,
3A), which is consistent with previous
reportsl'%). Within all two regions, Hsp25-
immunoreactive  Purkinje cells were
arrayed as rostrocaudal distribution or
parasagittal band. No Hsp25—immunoposi-
tive Purkinje cells were seen in the hemi-
spheres or the vermis of the anterior

cerebellum demonstrated that
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lobules (Fig 1A, 2A), but Hsp25—immuno-
positive Purkinje cells were seen in the
hemispheres or the vermis of the pos-
terior lobules (Fig 3A). In sagittal cere-

A

bellar sections, HspZb—immunoreactive
Purkinje cells was localized in two dis-
tinct regions. Two distinct regions were
lobules VI/VI and lobules IX/X (Fig 4A).

Fig 1. Coronal sections in the anterior vermis of cerebellum comparing the distribution of

Hsp2b—immunoreactive Purkinje cells

in Balb/c mouse[ A Jand Mongolian gerbil[ B ]

cerebellum. In Balb/c mouse, there no Hsp25—immunoreactive Purkinje cells. In gerbil,
Hsp25—immunoreactivity was detected in entire. Scale bar = 250um

A

B

Fig 2. High power photography of Hsp25—-immunoreactivity in anterior vermis of Balb/c
mouse [ A] and Mongolian gerbil[ B]. In Balb/c mouse was no reaction product. Coronal

sections through the gerbil

cerebellar vermis

immunostained by using anti Hsp25.

Immunoreactive product is deposited throughout the somata, and dendrites of the Purkinje

cells. Scale bar = 50mm
Hsp25 expression in gerbil cerebellum

In gerbil sections, Hsp25—immunoreac-
tive cells were detected in entire lobules
in cerebellum (Fig 1B, 4B). In coronal
sections,
conspicuous in a significant subpopula-
tion of cerebellar Purkinje cells in ger-
bils (Fig 2B). sagittal
sections, Hsp25-immunoreactive Purkinje

HspZ25—immunoreactivity were

In coronal and

cells were expressed in the vermis, the
hemisphere, the paraflocculus, and the
flocculus (Fig 1B, 2B, 3B, 4B). Due to
these reasons, we could not observed
any specific band like patterns in gerbil
cerebellar cortex (Fig 2B). Otherwise
Hsp25 was confined specially to Purkin-
je cells in the NZ and the CZ (Fig 4A),
both of which receive visuomotor affer-

ents from the vestibular nuclei’® and
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the pontine nuclei***®

the adult mouse.

in the vermis of

Comparison of anti—Hsp25 and anti—cal-
bindin D—28kDa immunohistochemistry in
gerbil cerebellum

Sections through the gerbil cerebellum
immunostained with anti—Hsp25 and anti-
calbindin D—28kDa in adjacent sections.

As demonstrated in numerous accounts,
anti—Hsp25 immunohistochemistry reveals
a specific subpopulation of Purkinje cells
in many animal species, including the
In gerbil
immunoreactive Purkinje cells were ex-
pressed in the vermis, the hemisphere,
the paraflocculus, and the flocculus (Fig
1B, 2B, 3B, 4B, 5A).

mouse. cerebellum, Hsp25-

Mouse Gerbil
)"fl*é‘ [X o B I)g ’ .*.
N 4 .
M‘ . 59&’ CAR LRI
R iR ST X
Fig 3. Coronal sections in the Ilobule IX and X comparing the distribution of

Hsp25—immunoreactive Purkinje cells in Balb/C mouse and Mongolian gerbil. In Balb/C
mouse, lobules IX/X contains parasagittal bands of Hsp25—immunoreactive Purkinje cells.
Three Hsp25—positive bands were observed in the lobule IX/X. In gerbil, there is no specific
band formation. Scale bar = 250um

Mouse Gerbil
’ . IX . .
- . X
R g
. “'/;_.J:,[‘ ; ;5»‘.'4-:'3 t‘ }’ .X‘ e g X
Fig 3. Coronal sections in the lobule IX and X comparing the distribution of

Hsp25—immunoreactive Purkinje cells in Balb/C mouse and Mongolian gerbil. In Balb/C
mouse, lobules IX/X contains parasagittal bands of Hsp25—immunoreactive Purkinje cells.
Three Hsp25—positive bands were observed in the lobule IX/X. In gerbil, there is no specific
band formation. Scale bar = 250m

To correspond with the distribution of reactive Purkinje cells in gerbil cere-

Purkinje cells, the sections were stained
polyclonal antibody, anticalbindin D—28kDa
as a Purkinje cell specific marker. When
the distribution of Hsp25—immunoreac-
tive and calbindin D—28kDa immuno-

bellum were compared in adjacent sec-
tions, the two appeared to
reveal the same subsets of Purkinje cells
(Fig. 5A, 5B). All kinds of Purkinje cells
in gerbil cerebellar cortex were immuno-

antigens
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Fig 4. Sagittal sections comparing the distribution of Hsp25—immunoreactive Purkinje cells in
Balb/C mouse and Mongolian gerbil cerebellum. In Balb/C, lobules VI/VII and IX/X contains
Hsp25—immunoreactive Purkinje cells. In gerbil, Hsp—immunoreactivity was detected in

entire lobules in cerebellum. Scale bar = 500m

Gerbil/Hsp25

-
[

Gerbil/Calbindin-28K
7 E .

Fig 5. Sagittal sections comparing the expressive pattern of Hsp25—immunoreactive Purkinje
cells and Calbindin D—28kDa immunoreactive Purkinje cells in gerbil cerebellum. There are
no significant differences in expressive pattern, geographicaly and quantitatively. Scale bar =

500m

reactive with anti—calbindin D-28kDa

and anti—Hsp2b.

Anti—Hsp25 and anti—calbindin D—28kDa
double immunofluorescence in Gerbil cere-
bellum

Double immunofluorscence demonstrated
excellent correspondence between the
patterns of distribution of Purkinje cell
immunoreactivity for two antigens. Hsp25

and calbindin D-28kDa
reaction product is confined exclusively to
the Purkinje cells (Fig 5A, 5B). Double
immunofluorescence in gerbil cerebellar

immunostained

sections revealed the characteristic pat-
tern of calbindin D—28kDa immunoreactive
Purkinje cells (Fig 6A), and the same
pattern could be observed for Hsp25
immunofluoresences (Fig 6B). Double
immunofluorscence revealed overlapping
patterns of Hsp25—immunoreactive and
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Fig 6. Coronal sections double—immunofluorescence stained for Calbindin D—28kDa (Green)
and Hsp25(Red). Panel A show the calbindin D—28kDa positive cells in lobe. Panel B show
the Hsp25 positive cells in lobe. In both cases, both antigens are co—expressed by the same

Purkinje cell subset. Scale bar = 100

calbindin D—28kDa immunoreactive Purkin-
je cells in all lobules of the cerebellum
(Fig 6C).

Discussion

Hsps are a group of intracellular pro-
teins that have an usually high degree
of identity at the
among diverse organism524‘46). As this
family of proteins is induced by stres-
sors other than heat, they are also
commonly referred to as 'stress pro-
teins' in the literature?*®. The term
stress proteins also may refer to
several other groups of proteins that
respond to stressors®?.

Hsps are constitutively expressed in

amino acid level,

cells to maintain a number of critical
processes relating
folding, fidelity and translocation. These
proteins also are induced in cells in
response to a variety of stressors and
by protecting vital
cellular functions®”. The naming of Hsps
are generally based on their molecular
mass (kilodalton, kDa) as determined by
sodium dodecyl sulphate polyacrylamide

cellular to protein

enhance survival

gel electrophoresis (SDS—PAGE).

Hsps are also grouped according to
function (e.g chaperonin), DNA sequence,
and antibody cross—reactivity 2**%.

Hsps are induced by many environ-
mental stresses including exposure to

4748 op organic pollutants49),

50-52)

trace metals

changed in temperature or osmolari-

. . 54,
ty53), hypoxia/anoxia 55), and exposure

to ultraviolet radiation®®.

Small heat shock proteins (sHsps) are
more species specific than the larger
stress proteins and less conserved, with
significant variation occuring within the
same class of organism. sHsps appear to
be homologous to e —crystalline and are
not synthesized under condi-
tions®. Their regulated
during development and differentiation is
modified by environmental factors. Stress
proteins play a primary role in protect-
ing cells from
variety of pollutants and stress protein

normal
synthesis is

injuries caused by a

levels have a potential use in environ-
mental monitoringw).

sHsps belong to the large family of
heat shock proteins that fulfill essential

physiological functions and that are ex-
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pressed in specific tissues and organs
during development47’56).
induced by various forms of stress, such
as heat shock or oxidative injury *%.
Although little is known about the func-
tions of Hsp2b, several studies on the
rat or human homology Hsp27, indicate
that this protein serves a protective
function against heat shock at least in
cultured cells °”. At least three func-
tions have been suggested for Hsp2b:
anti—oxidative enzyme regulation, regula-
tion of actin dynamics, and molecular
chaperoning.

In vivo, several studies reported that
although Hsp27 is constitutively expres-
sed in the brainstem and spinal cord of
the adult rat, Hsp27 is also induced in
neurons after nerve injury °%.

Hsp25 is also induced in neurons after
nerve injury. For instance, after peri-
pheral nerve injury in adult rats, Hsp25
1s up-regulated in axotomized neurons
in dorsal root ganglion, and the modula-
tion correlates with neuronal
after axotomySG).

Other studies indicated that Hsp27 is
specifically up—regulated in surviving neu-
rons after vagal nerve injury, sugges-
tive also for a role of Hsp27 in neuronal
survival and axonal regenerationw).

Hsp25 is expressed in a variety if
circumstances. Hsp25 is highly inducible
in astrocytes after seizure activity'?,
ischemic injury'*®”, and cortical spread-
ing depressionm.

In mammals, sHsps have also been
identified in developing neuronal tissues.
In particular, Hsp27 (Hsp25 in mice) is
expressed in large neurons of the spinal
cord and in cerebellar Purkinje neurons

sHsps are

survival

in rat embryOSSS). In the adult, Hsp 27
is also present in a subset of sensory
W In terestingly,

and motor neurons

overexpression of Hsp27 in neuronal
cells protects these cells against both
apoptosis and necrosis®”%?, Also, high
levels of Hsp27 are often present in
tissues from patients suffering neuro-
degenerative disorder® "®¥. Furthermore,
elevated expression and accumulation of
Hsp27 was found mainly in human brain
reactive astrocytes from many neuro-
degenerative disorders such as Alexan-
der’ s or Alzheimer’ s disease® %,
Although the role of Hsp25 in paralyse
cell death cannot be resolved definitely
at the present time.

During development, Hsp25/27 is transi-
ently expressed in Purkinje cells in the
embryonic rat cerebellum, whereas in
the adult mouse cerebellum this protein
is detected in a subset of Purkinje cells.

Recently, Hsp25 expression was no
observed in the korean wild mice cere-
bellum.

Hsp25 immunoreactivity is restricted
to Purkinje cells in the CZ (~lobules VI-
and the NZ (~lobules IX—~X) of the adult
cerebellum”. During development this
pattern is reversed, with Hsp25 first
detected in the AZ (~lobules I-V) and
the PZ (~lobule V) and then gradually
spreading throughout all four zones of
the cerebellum, first in the NZ and then
in the CZ%%. Finally Hsp25 expression is
downregulated first in the AZ and then
the PZ and is also selectively repressed
in subsets of Purkinje cells in the CZ
and the NZ, to leave the characteristic
adult parasagittal banding pattern24). In
the vermis, the central zone (CZ, lobule
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VI-VI) and nodular zone (NZ, lobule IX-

X) of the cerebellar cortex contains
parasagittal bands of Hsp2b—immuno-
reactive Purkinje cells. The parafloccu-
lus and flocculus also contains cluster of
Hsp25—immunoreactive Purkinje cells.

Mongolian gerbils, which is used as an
1schemia anmal model heretically are
divided into seizure—sensitive (SS) and/
or seizure—resistant (SR). Many immuno-
histochemical data in the CNS of SR
gerbils are significantly different from
the data in that of SS gerbils®”. In this
study, however, we did not divided
gerbils into two groups. Therfore, it is
difficult to directly correlate our results
with epileptogenesis, but it cannot be
excluded the possibility that Hsp25 may
be associated with ischemic damage or
epileptogenesis in gerbils. Compared with
the previous results in rat and mouse,
there were several differences.

In the present study, we got the
exactly same results with Armstrong et
al” in the normal Balb/c mouse cere-
bellum. However, we observed a little
different Hsp25 expression in the gerbil
cerebellum. In gerbil cerebellum, we
observed that all cerebellar}‘f Purkinje
cells were Hsp2b—-immunoredctive by
using calbindin D-28 kDa “immuno-
histochemistry and double immunofluo-
rescence. These results indicate that
Hsp25 expression in cerebellum was
inter—strain difference by animals. More-
over, these results also raised the
possibility that strains differences for
the response to the stimulus among
these animals.

References

— 478 -

. Armstrong CL, Krueger—Naug AM,

Currie RW, et al. 2000. Constitutive
expression of the 25—-kDa heat
shock protein Hsp25 reveals novel
parasagittal bands of Purkinje cells
in the adult mouse cerebellar cortex.
J Comp Neurol 416(3) : 383-397.

. Tissieres A, Mitchell HK, Tracy UM.

1974. Protein synthesis in salivary
glands of Drosophila melanogaster:
Relation to chromosome puffs. J Mol
Biol 85(3) : 389—-398.

. Brown IR. 1983. Hyperthermia in-

duces the synthesis of a heat shock
protein by polysomes isolated from
the fetal and neonatal mammalian
brain. J Neurochem 40(5):1490—
1493.

. Nowak TS Jr. 1985. Synthesis of a

stress protein following transient
ischemia in the gerbil. J Neurochem
45(5) : 1635—1641.

. Craig EA, Weissman JS, Horwich

AL. 1994. Heat shock proteins and
molecular chaperones: mediators of
protein conformation and turnover in
the cell. Cell 78(3) : 365-372.

. Becker J, Craig EA. 1994. Heat—

shock proteins as molecular cha-
perones. Eur J Biochem 219(1-2):
11-23.

. Pelham HR. 1986. Speculations on the

functions of the major heat shock
and glucose—regulated proteins. Cel/
46(7) 1 959-961.

. Ellis J. 1987. Proteins as molecular

chaperones. Nature 328(6129) : 378—
379.

. Ellis RJ, van der Vies SM. 1991. Mole-

cular chaperones. Annu Rev Biochem
60:321—-347.



10.

11.

12.

13.

14.

15.

16.

17.

Comparative study on Hsp25 expression in Mongolian gerbil and mouse cerebellum

Georgopoulos C, Welch WJ. 1993.
Role of the major heat shock pro-
teins as molecular chaperones. Annu
Rev Cell Biol 9 :601-634.

Hendrick JP, Hartl FU. 1993. Mole-
cular chaperone functions of heat—
shock proteins. Annu Rev Biochem
62 :349—384.

Plumier JC, Armstrong JN, Landry J,
et al. 1996. Expression of the
27,000 mol. wt heat shock protein
following kainic acid—induced status
epilepticus in the rat. Neuroscience
75(3) 1 849—-856.

Plumier JC, Hopkins DA, Robertson
HA, et al. 1997. Constitutive ex-
pression of the 27—kDa heat shock
protein (Hsp27) in sensory and motor
neurons of the rat nervous system.
J Comp Neurol 384(3) : 409-428.
Plumier JC, Armstrong JN, Wood NI,
et al. 1997. Differential expression
of c¢—fos, Hsp70 and Hsp27 after
photothrombotic injury in the rat
brain. Brain Kes Mol Brain Res
45(2) : 239-246.

Plumier JC, David JC, Robertson HA,
et al. 1997. Cortical application of
potassium  chloride the
low—molecular weight heat shock pro-
tein (Hsp27) in astrocytes. J Cereb
Biood Flow Metab 17(7) : 781 -790.
Hopkins DA, Plumier JC, Currie RW.
1998. Induction of the 27~kDa heat
shock protein (Hsp27) in the rat
medulla oblongata after vagus nerve
injury. Exp Neurol 153(2) : 173-183
Jakob U, Gaestel M, Engel K, et al.
1993. Small heat shock proteins are
J Biol Chem

induces

molecular chaperones.
268(3) 1 1517—-1520.

18.

19.

20.

21.

22.

23.

— 479 -

Lavoie JN, Gingras—Breton G, Tan-
guay RM, et al. 1993. Induction of
Chinese hamster HSP27 gene ex-
pression in mouse cells confers re-
sistance to heat shock. HSP27 sta-
bilization of the microfilament organi-
zation. J Biol Chem 268(5) : 3420—-
3429.

Lavoie JN, Hickey E, Weber LA, et
al. 1993. Modulation of actin micro-
filament dynamics and fluid phase
pinocytosis by phosphorylation of heat
shock protein 27. J Biol Chem 268
(32) :24210—24214.

Mehlen P, Preville X, Chareyron P,
et al. 1995. Constitutive expression
of human hsp27, Drosophila hsp27,
or human alpha B-crystallin confers
resistance to TNF— and oxidative
stress—induced cytotoxicity in stably
transfected murine L1929 fibroblasts.
J Immunol 154(1) : 363—374.

Mehlen P, Kretz—Remy C, Preville X,
et al. 1996. Human hsp27, Droso
phila hsp27 and human alphaB- crys-
tallin expression—mediated increase
in glutathione for the
protective activity of these proteins
against TNFalpha—induced cell death.
EMBO J 15(11) : 2695—2706.
Mehlen P, Schulze—0Osthoff K, Arrigo
AP. 1996. Small stress proteins as
novel regulators of apoptosis. Heat
shock protein 27 blocks Fas/APO-
1— and staurosporine—induced cell
death. J Biol Chem 271(28) :16510—-
16514.
Samali

1s essential

A, Cotter TG. 1996. Heat
shock proteins increase resistance
to apoptosis. Exp Cell Res 223(1) :
163—170.



Heang—Yeon Lee, Seong—Hwan Kim, Jae—Bong Lee, Chang—Ho Shin

24.

25.

26.

27.

28.

29.

30.

Armstrong CL, Krueger—Naug AM,
Currie RW, et al. 2001. Expression of
heat—shock protein Hsp25 in mouse
Purkinje cells during development re-
veals novel features of cerebellar

compartmentation. J Comp Neurol
429(1) : 7-21.
Armstrong CL, Krueger—Naug AM,

Currie RW, et al. 2001. Constitutive
expression of heat shock protein HSP
25 in the central nervous system of
the developing and adult mouse. J
Comp Neurol 434(3) : 262—274.
Gravel C, Hawkes R. 1990. Para-
sagittal organization of the rat cere-
bellar cortex: direct comparison of
Purkinje cell compartments and the
organization of the spinocerebellar
projection. J Comp Neurol 291(1):
79-102.

Gravel C, Eisenman LM, Sasseville
R, et al. 1987. Parasagittal organiza-
tion of the rat cerebellar cortex:
direct correlation between antigenic
Purkinje <cell bands revealed by
mabQ113 and the organization of the
olivocerebellar projection. J Comp
Neurol 265(2) : 294-310.

Hawkes R. 1992. Antigenic markers
of cerebellar modules in the adult
mouse. Biochem Soc Trans 20(2):
391—-395.

Hawkes R, Gravel C. 1991. The
modular cerebellum. Prog Neurobiol
36(4) : 309-327.

Ji Z, Hawkes R. 1994. Topography of
Purkinje cell compartments and mossy
fiber terminal fields in lobules II and
III of the rat cerebellar cortex: spino-
cerebellar and cuneocerebellar projec-
tions. Neuroscience 61(4) : 935—954.

— 480 -

38. Hawkes R, Eisenman LM.

31. Ji Z, Hawkes R. 1995. Developing

mossy fiber terminal fields in the rat
cerebellar cortex may
because of Purkinje cell compart-
mentation and not competition. J
Comp Neurol 359(2) : 197-212.

segregate

32. Sotelo C, Wassef M. 1991. Cere-

bellar development: afferent organi-
zation and Purkinje cell hetero—
geneity. Philos Trans R Soc Lond B
Biol Sci 331(1261) : 307-313.

33. Bower JM. 1997. Control of sensory

data acquisition. Int Rev Neurobiol
41:489-513.

34. Hallem JS, Thompson JH, Gundappa-

Sulur G, et al. 1999. Spatial corres-
pondence between tactile projection
patterns and the distribution of the
antigenic Purkinje cell markers anti-
zebrin I and anti—zebrin II in the
cerebellar folium crus IIA of the rat.
Neuroscience 93(3) : 1083—1094.

35. Hawkes R, Blyth S, Chockkan V, et

al. 1993. Structural and molecular
compartmentation in the cerebellum.
Can J Neurol Sci 20(Suppl 3) : S29~
35.

36. Van der Steen J, Simpson JI, Tan J.

1994. Functional and anatomic organi-
zation of three—dimensional eye move-
ments in rabbit cerebellar flocculus.
J Neurophysiol 72(1) : 31—486.

37. Welker WI. 1990. The significance

of foliation and fissuration of cere-
bellar cortex. The cerebellar folium
as a fundamental unit of sensori-
motor integration. Arch Ital Biol
128(2—4) : 87-109.

1997.
Stripes and zones: the origins of
regionalization of the adult cerebel-



39.

40.

41.

42.

43.

44.

45.

Comparative study on Hsp25 expression in Mongolian gerbil and mouse cerebellum

lum. Perspect Dev Neurobiol 5(1):
95—105.

Herrup K, Kuemerle B. 1997. The
compartmentalization of the
bellum. Annu Rev Neurosci
61-90.

Nunzi MG, Grillo M, Margolis FL, et
al. 1999. Compartmental organization
of Purkinje cells in the mature and
developing mouse cerebellum as
revealed by an olfactory marker pro-
tein—/acZ transgene. J Comp Neurol
404 (1) : 97-113.

Oberdick J, Baader SL, Schilling K.
1998. From zebra stripes to postal
zones: deciphering patterns of gene
expression in the cerebellum. 7rends
Neurosci 21(9) : 383—390.

Ozol K, Hayden JM, Oberdick J, et
al. 1999. Transverse zones in the
vermis of the mouse cerebellum. J
Comp Neurol 412(1) : 95—-111.

Tan J, Gerrits NM, Nanhoe R, et al
1995. Zonal organization of the
climbing fiber projection to the floc-
culus and nodulus of the rabbit: a
combined axonal tracing and acetyl-

cere-
20

cholinesterase histochemical study. J
Comp Neurol 356(1) : 23-50.

Serapide MF, Cicirata F, Sotelo C, et
al. 1994. The pontocerebellar projec-
tion: longitudinal zonal distribution of
fibers from discrete regions of the
pontine nuclei to vermal and para-

floccular cortices in the rat. Brain
Res 644(1) : 175—-180.
Tolbert DL, Gutting JC. 1997.

Quantitative analysis of cuneocere-
bellar projections in rats: differential
topography in the anterior and pos-
terior lobes. Neuroscience 80(2) :

46.

47.

48.

49.

50.

51.

92.

03.

54.

— 481 -

359-371.

Pockley AG. 2003. Heat shock pro-
teins as regulators of the immune
response. Lancet 362 :469—476.
Arrigo AP. 1995,
stress genes during development.
Neuro- pathol App! Neurobiol 21(6) :
488— 491.

Sanders BM, Martin LS, Howe SR,
1994. Tissue—specific differ-
ences in accumulation of stress
proteins in Mytilus edulis exposed to

Expression of

et al.

a range of copper concentrations.
Toxicol Appl Pharmaco! 125(2):
206—213.
Sanders BM.
in aquatic organisms:
mental perspective. Crit Rev Toxicol
23(1) 1 49-75.

Currie S, Tufts B. 1997. Synthesis
of stress protein 70 (Hsp70) in rain-
bow trout (Oncorhynchus mykiss) red
blood cells. J Exp Biol/ 200(Pt 3):
607—-614.

Dietz TJ. 1994. Acclimation of the
threshold induction temperatures for
70—kDa and 90-kDa heat shock
proteins in the fish Gillichthys mira
bilis. J Exp Biol 188 : 333—338.
Schlesinger MJ. 1990. Heat shock
proteins. J Biol Chem 265(21):
12111-12114.

Kultz D. 1996. Plasticity and stres-
sor specificity of osmotic and heat
shock responses of Gillichthys mira
bilis gill cells. Am J Physiol 2714
Pt 1) :C1181-193.

Mestril R, Chi SH, Sayen MR, et al.
1994. Isolation of a novel inducible
rat (HSP70)
gene and its expression during is-

1963. Stress proteins
an environ-

heat—shock protein



Heang—Yeon Lee, Seong—Hwan Kim, Jae—Bong Lee, Chang—Ho Shin

55.

96.

57.

58.

59.

60.

chaemia/hypoxia and heat shock.
Biochem J 298 (Pt 3) : 561—-569.
Myrmel T, McCully JD, Malikin L, et
al. 1994. Heat—shock protein 70 mRNA
is induced by anaerobic metabolism in
rat hearts. Circulation 90(5 Pt 2):
11299- 305.

Costigan M, Mannion RJ, Kendall G,
et al. 1998. Heat shock protein 27:
developmental regulation and exp-
ression after peripheral nerve injury.
J Neuroscr 18(15) : 5891—-5900.
Head MW, Corbin E, Goldman JE.
1994. Coordinate independent
regulation of alpha B—crystallin and
hsp27 response to
physiological stress. J Cell Physiol
159(1) : 41-50.

Gernold M, Knauf U, Gaestel M, et
al. 1993. Development and tissue—
specific distribution of mouse small
heat shock protein hsp25. Dev Genet
14(2) : 103—-111.

Mehlen P, Coronas V, Ljubic—Thibal
V, et al. 1999. Small stress protein
Hsp27 accumulation during dopamine—
mediated differentiation of rat olfac-
tory neurons counteracts apoptosis.
Cell Death Differ 6(3) : 227~-233.
Wagstaff MJ, Collaco—Moraes Y, Smith

and

expression in

61.

62.

63.

64.

— 482 —

J, et al. 1999. Protection of neuro-
nal cells from apoptosis by Hsp27
delivered with a herpes simplex virus—
based vector. J Biol Chem 274(8) :
5061—5069.

Iwaki T, Iwaki A, Tateishi J, et al
1993. Alpha B-—crystallin and 27—kd
heat shock protein are regulated by
stress conditions in the central ner-
vous system and accumulate in Rosen-
thal fibers. Am J Pathol 143(2):
487-195.

Renkawek K, Bosman GJ, de Jong
WW. 1994. Expression of small
heat—shock protein hsp 27 in reac-
tive gliosis in Alzheimer disease and
other types of dementia. Acta Neuro-
pathol (Berl) 87(5):511-519,
Shinohara H, Inaguma Y, Goto S, et
al. 1993. Alpha B crystallin and
HSP28 are enhanced in the cerebral
cortex of patients with Alzheimer's
disease. J Neurol Sci 119(2) : 203—
208.

Chung YH, Joo KM, Nam RH, et al.
2005. Immunohistochemical study on
the distribution of the voltage—gated
potassium channels in the gerbil cere-
bellum. Neurosci Lett 374(1) : 58—
62.



