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Summary. Parvalbumin mRNA was localized in rat
brain by in situ hybridization using a *S labelled rat
parvalbumin cDNA and a synthetic oligodeoxy-
ribonucleotide (corresponding to base sequences 140
to 183 of rat parvalbumin cDNA). Strongest hybridi-
zation signals were detected in the Purkinje cells of
the cerebellum and in neurones of the reticular
nucleus of the thalamus. Signal was also detected in
the cerebral cortex, hippocampus, basal ganglia and
brain stem in agreement with the distribution of
parvalbumin immunoreactivity.
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Introduction

Disturbance of neuronal calcium homeostasis has
been implicated in the impairment of brain function
with ageing and in the development of the neuro-
pathology of degenerative disease such as Alzheim-
er’s disease (Arai et al. 1987; Crapper McLachlan et
al. 1987; Gibson and Peterson 1987; Mayer and
Westbrook 1987). The mechanisms underlying these
disturbances are essentially unknown because of the
complex compartmentation of calcium within the
neuron. However, some of the control of calcium-
mediated signaling is likely to involve calcium-bind-
ing proteins such as calmodulin, calbindin-28K and
parvalbumin (Heizmann 1984; Heizmann and
Berchtold 1987). The concentration of two of these
proteins calmodulin and calbindin have been
reported to be reduced in the brains of patients
affected with Alzheimer’s disease (ATD) (Crapper
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McLachlan et al. 1987). Further a selective loss of
parvalbumin immunoreactive neurons was observed
in the frontal and temporal cortices of patients dying
with a diagnosis of ATD (Arai et al. 1987). All these
various obervations suggest that impairment of
neuronal calcium homeostasis may be implicated in
the neuropathology of ATD. In this study we used
immunohistochemical techniques together with “in
situ” hybridization to localize immunoreactive par-
valbumin (Heizmann and Celio 1987) and its corre-
sponding parvalbumin mRNA (Berchtold 1987;
Berchtold et al. 1988; Berchtold and Means 1988;
Epstein et al. 1986) in the normal rat brain. Develop-
ment of these techniques will enable further studies
on parvalbumin gene expression in human neurologi-
cal illness.

Methods

In situ hybridization

Male rats (n = 20) 150-300 g in weight were decapitated, the
brains rapidly removed and frozen on dry ice. Cryostat sections
were thaw mounted onto gelatine/chrome alum coated slides and
fixed with 4% buffered paraformaldehyde for 15 min at room
temperature. The sections were washed with PBS (0.1 M phos-
phate buffered saline) for 10 min, dehydrated through 70%, 90%,
and absolute ethanol (5 min per change), then air-dried and stored
dessicated at -70° C.

For hybridization, these sections were treated sequentially
with ethanol, xylene and ethanol again (5 min each) and then
rehydrated through a descending alcohol series to sterile PBS.
After incubation with prehybridization buffer [50% deionized
formamide, 2xSSC (1xSSC is 0.15 M sodium chloride, 0.015 M
sodium citrate, pH 7.4), 0.2% bovine serum albumin, 0.2%
polyvinyl pyrrolidone, 0.2% ficoll-400, 0.1 mg/ml herring sperm
DNA, 0.5 mg/ml tRNA (yeast) and 14.3 mM B-mercaptoethanol]
for 60 min at 37° C. Sections were then incubated with heat-
denatured labelled cDNA probe or labelled oligodeoxyribonu-
cleotides in hybridization buffer. The hybridization buffer was
identical to the prehybridization buffer except for the addition of
dextran sulphate to a final concentration of 10%. This procedure
for in situ hybridization is based on that of Shivers et al. (1987).
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Fig. 2A, B. Co-localisation PV-mRNA and PV immunoreactivity in the reticular thalamic nucleus. A PV mRNA signal localized using
labelled *S-cDNA. Dark field photomicrograph (x200). B A comparable section processed to visualize PV-immunoreactivity (x200)

The cDNA insert was labelled using the multiprime labelling
system (Amersham UK) with PV ¢cDNA and [*S]dCTP (SJ3053,
600 Ci/mmol Amersham). Parvalbumin ¢DNA inserts in a pUC
plasmid (Berchtold and Means 1985) were isolated by restrictive
digestion with EcoRI and Sal I and purified on low melting point
agarose gels. A reaction mixture containing 0.3 pmole of PV
cDNA in agarose and 35 pmoles of [*S] dCTP (SJ305, 600 Ci/
mmole, Amersham) was incubated overnight at 37° C. The
reaction mixture containing labelled cDNA was separated from
free [*S] dCTP on a Sephadex G-50 column. The specific activity
of the labelled cDNA was > 5 X 10° dpm/ug DNA.

Sense and anti-sense oligodeoxyribonucleotides correspond-
ing to the base sequences 140 to 183 of the rat parvalbumin cDNA
(Berchtold et al. 1988; Berchtold and Means 1985; Epstein et al.
1986) were synthesized on an Applied Bio-Systems DNA Syn-
thesizer. 10 pmole of each oligodeoxyribonucleotide was
3'labelled to a specific activity of > 1 x 10® dpm/ug using terminal
deoxynucleotidyl transferase (Pharmacia) and (**S) dCTP (600 Ci/
mmole, SJ305 Amersham). 3' labelled oligodeoxynucleotides were
purified on Sephadex G-50 or NENsorb columns (DuPont).

Labelled c¢DNA or oligodeoxyribonucleotide probes
{5-10,000 cpm/pl) were applied to sections as described above. For
control experiments some sections were pretreated with RNase A
(20 ug/ml) in 0.1 M Tris-HCI, S mM EDTA pH 7.6 before incuba-
tion with prehybridization buffer. After hybridization (approx

16 h at 37° C) the sections were rinsed sequentially with 2xSSC,
1x88C, and 0.5xSSC at 37° C for thirty minutes each. All the wash
solutions contained 14.3 mM B-mercaptoethanol. Sections were
dehydrated with 70%, 90% and absolute ethanol (5 min each) and
air dried. Radioactive signal on the sections was localized by
exposure to autoradiography film (Hyperfilm f-max Amersham)
and subsequently by dipping sections in Ilford nuclear track
emulsion (K2) diluted 1 : 1 with water.

Immunohistochemistry

For histochemistry, rats (n = 10) were perfused via the ascending
aorta with 4% paraformaldehyde in 100 mM sodium phosphate
buffer pH 7.4, the brains were removed and left overnight in 30%
sucrose at 4° C. After sucrose cryoprotection brains were sec-
tioned at 25 um on a Reichert (Austria) sledge microtome and
sections collected into PBS. Sections were incubated overnight in
parvalbumin antiserum (raised in rabbits) (Heizmann and Celio
1987; Kagi et al. 1987) diluted 1 : 500 in PBS containing 0.1%
Triton X-100 and 1% normal sheep serum (NSS). After overnight
incubations, sections were washed (x3) in PBS and then incubated
with second antibody sheep-anti rabbit (Miles UK) at 1:50
dilution in PBS 0.1% Triton X-100 1% normal sheep serum for 1 h
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Fig. 3. A Cellular Jocalisation of PV-immunoreactivity in interneurones of CA-1 region of hippocampus (x630). B Localisation of PV-
mRNA, visualized with *S-labelled cDNA probe, over cells of the CA-1 region of hippocampus (x400). Dark field photomicrograph.
C Low power photomicrograph illustrating the distribution of PV-immunoreactive neurones in the rat sensory-motor cortex. The PV-
immunoreactive neurones are small multipolar or bipolar cells (X180). D Low power dark field photomicrograph illustrating the
localisation of PV mRNA (¥S cDNA probe) in the rat sensory-motor cortex (X200)

at 37° C. After washing sections they were then incubated in rabbit
— PAP (Miles UK) at 1:100 in PBS 0.1% Triton X-100 1%
normal sheep serum for 1 h at 37° C. After further washes in PBS,
sections were added to a solution of 3'3'-diaminobenzidine (1 mg/
ml) in PBS containing 0.005% hydrogen peroxide to visualize sites
of primary antibody binding. After incubation with the chromo-
gen, stained sections were washed and mounted onto gelatin/
chrome alum subbed slides. Specificity of staining was checked by
preincubation of the diluted parvalbumin antiserum with parvalbu-
min protein 107 M (adsorption control), or omission of the
primary antibody from the reaction. Stained sections or developed
autoradiographs were photographed using a Leitz Dilaux 22
microscope and a Leitz camera system using Ilford PanF film.

Results

Specific parvalbumin signal (PV mRNA) detected by
the ¥S multiprime labelled cDNA insert was most
concentrated in two brain areas; the Purkinje cells of
the cerebellum (Fig. 1) and the reticular thalamic
nucleus (Fig. 2). In the cerebellum, in addition to the
strong signal over the Purkinje cells, cells in the
position expected for basket and stellate cells were
also labelled. Granule cells were not labelled. The
localisation of PV mRNA signal coincided with those



cerebellar neurons expressing parvalbumin immuno-
reactivity (Fig. 1B) including basket cells and stellate
cells. Pretreatment of sections before hybridization
with RNase A to digest cellular mRNA and then
hybridization with labelled cDNA eliminated the PV
specific signal (Fig. 1C). The *S-labelled antisense
parvalbumin oligodeoxynucleotide also labelled the
Purkinje, basket and stellate cells of the cerebellar
molecular layer (Fig. 1D). In contrast the com-
plementary sense oligodeoxynucleotide probe did
not detect a specific signal in any brain region
examined (data not shown).

In the reticular thalamic nucleus the distribution
of neurones hybridizing positively with the PV-
cDNA probe (Fig. 2A) coincided with the distribu-
tion of PV-immunoreactive neurones (Fig. 2B). In
the telencephalon the PV-mRNA signal was found
over a number of neurones in the hippocampus and
dentate gyrus (Fig. 3B) as well as in the cerebral
cortex (Fig. 3D). Comparison of these sections with
sections processed to visualize PV-immunoreactivity
revealed that the localization of neurones labelled by
the cDNA probe also matched with the distribution
of PV-immunoreactive neurones in these areas
(Fig. 3A, C). PV-mRNA containing neurones were
found in all layers of the cerebral cortex except
layer I. Similarly in the hippocampus and dentate
gyrus PV-mRNA signal was localized over neurones
in the granule cell layer (dentate gyrus) and in
neurones between the pyramidal cells of CA1-CA3
(see Fig. 3B).

A few scattered PV-mRNA containing cells were
detected in the caudate-putamen and amygdala. In
the brain stem, PV-signal was found in the cells of the
mesencephalic trigeminal nucleus and in the superior
olive (data not shown).

Discussion

The results presented here demonstrate that sites of
PV-gene expression in the rat fore-brain coincide
with the known cellular localization of PV-
immunoreactivity (Endo et al. 1985; Heizmann 1984;
Heizmann and Berchtold 1987; Heizmann and Celio
1987). The intensity of the PV-mRNA signal espe-
cially for the Purkinje cells and neurones of the
reticular thalamic nucleus seems to reflect the abun-
dance of PV-immunoreactivity in these cells. The
specificity of the signal was confirmed by use of
RNase A digestion, which eliminated the specific
signal and by showing that the antisense oligodeoxy-
nucleotide labelled the same population of cells as
the cDNA probe, whereas the complementary sense
oligodeoxynucleotide probe did not label any
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neurones in the rat brain. Further the distribution of
PV-mRNA does not coincide with the distribution of
other known calcium binding proteins such as calbin-
din-28K, or calretinin (Feldman and Christakos 1983;
Jande et al. 1981; Rogers 1987).

The majority of neurones in the fore-brain con-
taining PV-mRNA are known to be GABA-ergic
neurones (Celio 1986; Celio and Heizmann 1981;
Endo et al. 1985; Houser et al. 1980; Kosaka et al.
1987; Mugnaini and Oertel 1983; Stichel et al. 1987;
Stichel et al. 1988). These include the PV-containing
neurones of the cerebral cortex, hippocampus,
reticular thalamic nucleus and cerebellum (Celio
1986; Celio and Heizmann 1981; Kosaka et al. 1987,
Stichel et al. 1987; Stichel et al. 1988). The role of PV
in these neurones has not been established with the
exception of a possible role for PV as a calcium
buffer in hippocampal interneurones (Kawaguchi et
al. 1987). The development of “in situ” hybridization
histochemistry for PV offers the possibility of follow-
ing changes in PV gene expression and such studies
may clarify its role in neuronal physiology.

Acknowledgements. A. Seto-Ohshima was supported by the
Association to Combat Huntington’s Disease (UK). C. W. Heiz-
mann and M. W. Berchtold were supported by grants from the
Swiss National Foundation nos. 3.147 0.85 and 3.634 0.87, the
Cloéta Foundation, and the Jubildumsspende fiir die Universitit
Ziirich. We are grateful to Mr. T. Buss for photographic work and
to Mrs. B. A. Waters for expert secretarial assistance.

References

Arai H, Emson PC, Mountjoy CQ, Carassco LH, Heizmann CW
(1987) Loss of parvalbumin-immunoreactive neurones from
cortex in Alzheimer-type dementia. Brain Res 418: 164-169

Berchtold MW (1987) Cloning and expression of the gene encod-
ing the Ca2+-binding protein parvalbumin. In: Means AR,
Conn PM (eds) Methods in enzymol, Vol 139. Academic
Press, San Diego, pp 317-325

Berchtold MW, Means AR (1985) The Ca2+-binding protein
parvalbumin: molecular cloning and developmental regula-
tion of mRNA abundance. Proc Natl Acad Sci USA 82:
1414-1418

Berchtold MW, Epstein P, Beaudet AL, Payne ME, Heizmann
CW, Means AR (1988) Structural organisation and
chromosomal assignment of the parvalbumin gene. J Biol
Chem 262: 8696-8701

Celio MR (1986) Parvalbumin in most-aminobutyric acid-contain-
ing neurones of the rat cerebral cortex. Science 231: 995-997

Celio MR, Heizmann CW (1981) Calcium-binding protein parval-
bumin as a neuronal marker. Nature 293: 300-302

Crapper McLachlan DR, Wong L, Bergeron C, Baimbridge KG
(1987) Calmodulin and calbindin D28K in Alzheimer disease.
Alzheimer Disease and Associated Disorders 3: 171-179

Endo T, Kobayashi S, Onata T (1985) Parvalbumin in rat
cerebrum, cerebellum and retina during postnatal develop-
ment. Neurosci Lett 60: 279-282



658

Epstein P, Means AR, Berchtold MW (1986) Isolation of a rat
parvalbumin gene and full length cDNA. J Biol Chem 261:
5886-5891

Feldman SC, Christakos S (1983) Vitamin D-dependent calcium-
binding protein in rat brain: biochemical and immunochemi-
cal characterization. Endocrinology 112: 290-302

Gibson GE, Peterson C (1987) Changes in calcium homeostasis
during ageing, in modification of cell to signals during normal
and pathological ageing. In: Govoni S, Battaini F (eds)
NATO-ASI series, Vol 19. Springer, Berlin, pp 121-140

Heizmann CW (1984) Parvalbumin, an intracellular calcium-
binding protein; distribution, properties and possible roles in
mammalian cells. Experientia 40: 910-921

Heizmann CW, Berchtold MW (1987) Expression of parvalbumin
and other Ca2+-binding proteins in normal and tumor cells: a
topical review. Cell Calcium 8: 141

Heizmann CW, Celio MR (1987) Immunolocalization of parvalbu-
min. In: Means AR, Conn PM (eds) Methods in enzymol,
Vol 139. Academic Press, New York, pp 552-570

Houser CR, Vaughn JE, Barber RP, Roberts E (1980) GABA-
neurones are the major cell type of the nucleus reticularis
thalami. Brain Res 200: 341-354

Jande SS, Maler L, Lawson DEM (1981) Immunohistochemical
mapping of vitamin D-dependent calcium-binding protein in
brain. Nature 294: 765-767

Kagi U, Berchtold MW, Heizmann CW (1987) Ca2+-binding
parvalbumin in rat testis: characterization, localization and
expression during development. J Biol Chem 15: 7314-7320

Kawaguchi Y, Katsumara H, Kosaka T, Heizmann CW, Hama K
(1987) Fast spiking cells in rat hippocampus (CAl region)
contain the calcium-binding protein, parvalbumin. Brain Res
416: 369-374

Kosaka T, Katsumaru. H, Kawaguchi Y, Hama K, Wu J-Y,
Heizmann CW (1987) GABAergic neurones containing the
Ca++-binding protein parvalbumin in the rat hippocampus
and dentate gyrus. Brain Res 419: 119-130

Mayer ML, Westbrook GL (1987) Cellular mechanisms under-
lying excitotoxicity. Trends Neurosci 10: 59-61

Mugnaini E, Oertel WH (1983) An atlas of the distribution of
GABAergic neurones and terminals in the rat CNS as
revealed by GAD immunohistochemistry. In: Bjoérklund A,
Hokfelt T (eds) GABA and neuropeptides in the CNS.
Handbook of chemical neuroanatomy, Vol4, Part 1.
Elsevier, Amsterdam, pp 436-608

Rogers JH (1987) Calretinin: a gene for a novel calcium-binding
protein expressed principally in neurones. J Cell Biol 105:
1343-1353

Shivers BD, Schachter BS, Pfaff DW (1987) In situ hybridization
for the study of gene expression in the brain. In: Conn PM
(ed) Methods in enzymology, Vol 124. Academic Press, New
York, pp 497-510

Stichel CC, Singer W, Heizmann CW, Norman AW (1987)
Immunohistochemical localization of calcium-binding pro-
teins, parvalbumin and calbindin-D28K, in the adult and
developing visual cortex of cats: a light and electron microsco-
pic study. J Comp Neurol 262: 563-577

Stichel CC, Singer W, Heizmann CW (1988) Light and electron
microscopic immunocytochemical localization of parvalbumin
in the dorsal lateral geniculate nucleus of the cat: evidence for
co-existence with GABA. J Comp Neurol 268: 29-37

Received July 25, 1988 / Accepted December 31, 1988



