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ABSTRACT
The total number of glycine-immunopositive (Gly1) neurons in the deep cerebellar nuclei

(DCN) was quantified under normal conditions in wild-types (B6C3Fe) and compared with the
Purkinje cell-deprived situation in Purkinje cell degeneration (PCD)-mutants by using an
unbiased stereological method, the disector. In addition, the size and density of Gly1

terminals, the number of g-aminobutyric acid immunopositive (GABA1) somata and the
somatal colocalization of Gly and GABA were determined. In both wild-types and PCD
mutants, Gly1 somata are distributed relatively homogeneously among the different subdivi-
sions of the DCN. However, in the complete volume of the DCN, which is reduced in PCD
mutants by 52%, 8,582 Gly1 neuronal somata are present in wild-types and 14,637 in PCD
mutants, which corresponds to an increase of 70.5% in the mutant.

In contrast, the total number of GABA1 somata is almost the same in wild-types (16,713)
and in PCD mutants (15,339). The number of neurons that colocalize both Gly and GABA is
again almost identical in wild-types (3,976) and PCD mutants (3,861). Moreover, the size and
number of Gly1 terminals contacting DCN neurons of PCD mutants are increased signifi-
cantly compared to the wild-types.

These data define for the first time the normal distribution of glycine and its somatal
colocalization with GABA in the DCN of the mouse. In addition, it is shown that the Purkinje
cell loss in PCDmutants leads to a significant increase in Gly1 somata and to a larger size and
number of Gly1 boutons in the DCN. This suggests that the respective neurons are capable of
exerting an enhanced inhibitory synaptic activity on their target neurons, substituting, at
least in part, for the lost Purkinje cell (PC) inhibition. Probable correlations of these findings
with the mildness of the motor disturbances found in PCD mutants are discussed. J. Comp.
Neurol. 382:443–458, 1997. r 1997 Wiley-Liss, Inc.

Indexing terms: inhibitory amino acids; colocalization; stereology; compensation; cerebellar ataxia

The two amino acids, g-aminobutyric acid (GABA) and
glycine (Gly), are the most widespread inhibitory neuro-
transmitters in the mammalian central nervous system.
CombinedGly- andGABA-immunocytochemical investiga-
tions in the spinal cord (Todd and Sullivan, 1990; Taal and
Holstege, 1994), the auditory system (Wenthold et al.,
1987; Kolston et al., 1992), the vestibular and perihypoglos-
sal nuclei (Yingcharoen et al., 1989; Walberg et al., 1990)
as well as the cerebellar cortex (Ottersen et al., 1987, 1988)
have enhanced the knowledge of the cellular distribution
of Gly and the coexistence of Gly and GABA in these areas
considerably. Several lines of evidence suggest a closer

relationship and more common features of Gly and GABA
than originally assumed: both transmitters act on very
similar Cl2 channels (Hamill et al., 1983; Barker et al.,
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1986), GABA is capable of modifying the Gly-receptor
(Werman, 1980) and coexistence of Gly and GABA in nerve
terminals (Wenthold et al., 1987; Walberg et al., 1990; Taal
and Holstege, 1994) raises the possibility of a corelease of
both substances (Ottersen et al., 1988).
The deep cerebellar nuclei (DCN) are one of the stron-

gest areas of inhibitory innervation in the mammalian
brain. DCN neurons are tonically inhibited by the direct
GABAergic Purkinje cell (PC) projections of the overlying
cerebellar cortex (for review see Chan-Palay, 1977; Ito,
1984), and the existence of a considerable number of
GABA-immunopositive (GABA1) neurons in the DCN has
been demonstrated (Oertel et al., 1982; Houser et al., 1984;
Nelson et al., 1984). This predominant role of inhibition in
the DCN is evident from disturbances in the PC input,
which results in various impairments of motor perfor-
mance. The severeness of these motor deficiencies is
dependent not only on the time point and course, the
location and the extent of the lesion, but also on compensa-
tory reactions of anatomically and physiologically related
neurons, as is known from cerebellar mutant mice (Cavi-
ness and Rakic, 1978; Sotelo, 1975, 1980, 1982; Grüsser-
Cornehls, 1988; Bäurle et al., 1992). However, neither in
normal mice nor in one of these mutants has information
been available about the occurrence and distribution of
Gly, the extent of its colocalization with GABA, or the
significance of glycinergic inhibition in the DCN.
One of these mutants, the Purkinje cell degeneration

(PCD) mutant (Mullen et al., 1976), is characterized by a
rapid and almost complete loss of PCs. Degeneration
commences at the end of the second postnatal week; at
postnatal day (P) 22, the time when the first phenotypical
symptoms appear, 50% of all PCs are lost and at P 30 less
than 0.5% of all PCs have survived (Mullen et al., 1976;
Landis and Mullen, 1978; Wassef et al., 1986). Other
primary cell losses have been described in the retina
(Mullen et al., 1976; LaVail et al., 1982), the olfactory bulb
(Mullen et al., 1976), the thalamus (O’Gorman and Sid-
man, 1985; O’Gorman, 1985) and the testis (Mullen et al.,
1976).
The comparably mild motor disturbances (Mullen et al.,

1976; Roffler-Tarlov et al., 1979) along with recent electro-
physiological investigations (Helmchen et al., 1985;

Grüsser-Cornehls, 1988) in this mutant suggest the exis-
tence of potent compensatory properties of DCN neurons
with a massive restoration of the lost PC inhibition in
these nuclei. However, investigations that focussed on
GABAergic inhibition (Roffler-Tarlov et al., 1979; Wassef
et al., 1986; Bäurle et al., 1992, 1994) offered no indications
of restorative reactions of GABAergic components in the
DCN. In contrast, [3H]-muscimol GABAA-receptor densi-
ties are significantly decreased in PCD mutants when
compared to wild-types (Grüsser-Cornehls et al., 1994).
This led us to assume that the inhibitory transmitter Gly
could be responsible for this phenomenon.
In the present study, therefore, we attempted to eluci-

date the occurrence of Gly and its coexistence with GABA
in the DCN under normal conditions and during the
exclusive loss of PC input, themajor inhibitory influence in
the DCN. In addition, the total number of Gly1 and
GABA1 neurons was determined by using an unbiased
stereological method, the physical disector (Sterio, 1984),
and the size and number of axosomatic Gly1 terminals in
the DCN of normal mice and PCD mutants estimated to
see whether the Purkinje cell loss produces morphological
and functional reactions in the remaining inhibitory com-
ponents of this system. These results should provide the
basis for further studies in normal and mutant mice,
which represent important models for the investigation of
hereditary cerebellar defects such as cerebello-olivary
atrophy in humans (Holmes, 1907; Ghetti and Triarhou,
1992; Zhang et al., 1996).

MATERIALS AND METHODS

Animals

Colonies of homozygous (1/1) B6C3Fe-wild-types and
heterozygous (B6C3Fe pcd/1) mice, originating from the
Jackson Laboratories (Bar Harbor, ME), were established
at the Department of Physiology, Freie Universität Berlin,
and kept on a natural dark/light rhythm with food and
water ad libitum. For comparative qualitative and quanti-
tative light microscopic studies, a total of 23 (1/1) wild-
types and 15 (pcd/pcd) mutants, ages 2 to 7 months, were
investigated by using Gly immunocytochemistry. Morpho-
metric analysis of the DCN volume was performed on
50-µm-thick Vibratome sections in five wild-types and five
PCDmutants, aged 5 months. For the quantitative exami-
nation of Gly1 and GABA1 neurons, the colocalization
studies and the determination of terminal size and density,
brains of six wild-types and six PCD mutants were plastic
embedded in Araldite. All experiments had been approved
by theAnimal Care and Use committee responsible for our
institution and conform to NIH guidelines.

Tissue preparation

The animals were given a lethal dose of chloral hydrate
(1.75 g/kg body weight, injected intraperitoneally; Merck).
Transcardial perfusion started with a flush of 10–15 ml of
warm (37°C) normal saline (0.9%) buffered at pH 7.4,
using 0.067 M PO4-buffer followed by a fixative containing
2% glutaraldehyde (Merck) and 2% paraformaldehyde
(Merck, Darmstadt, Germany) in 0.12 M PO4 buffer, and
lasted 30 minutes. The brains were removed and immedi-
ately embedded in Agar (Fluka, Neu-Ulm, Germany) and
either cut on a Vibratome (Series 1000, Technical Products
International Inc., St. Louis, MO) at 50 µm for subsequent
free-floating immunocytochemistry or sliced at 200 µm,

Abbreviations

b-Ala b-alanine
Asp aspartate
BSA bovine serum albumin
Cys cysteine
DCN deep cerebellar nuclei
DENT dentate cerebellar nucleus
FAST fastigial cerebellar nucleus
GABA g-amino butyric acid
G glutaraldehyde
Gln glutamine
Glu glutamate
Gly glycine
INT interposed cerebellar nucleus
M rat brain macromolecules
NGS normal goat serum
P postnatal day
PBS phosphate buffered saline
PC Purkinje cell
PCD Purkinje cell degeneration
Ser serine
Tau taurine
TH thyroglobulin
TBS tris-buffered saline
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washed in 0.12 M PO4 buffer dehydrated in ethanol and
acetone and flat-embedded in Araldite (Serva, Heidelberg,
Germany). Plastic-embedded sections were cut with a
microtome setting of 0.5-µm section thickness on a LKB-
ultramicrotome using glass knives. Alternate sections
were mounted on different gelatine-coated slides, which were
processed either forGABA- orGly immunocytochemistry.

Antibody characterization

Two sets of primary antisera were used. The polyclonal
Gly antibody (AB 139, Chemicon, Temecula, CA) was
raised in rabbits and directed against glycine coupled to
thyroglobulin (TH) with glutaraldehyde (G). This Gly
antiserum has been extensively characterized by Kallo-
niatis and Fletcher (1993) and Sherry and Yazulla (1993)
and was used in the present study at a dilution of 1:1,500.
The monoclonal mouse anti-GABA (mouse IgG1 isotype,

Sigma, Deisenhofen, Germany) was directed against puri-
fied GABA conjugated to bovine serum albumin (BSA)
using glutaraldehyde and evaluated for activity and speci-
ficity by dot blot immunoassay. According to the manufac-
turer, no cross-reactivity has been observed with BSA,
L-a-aminobutyric acid, L-glutamic acid, L-aspartic acid,
glycine, d-aminovaleric acid, L-threonine, L-glutamine,
taurine, putrescine, L-alanine and carnosine, and only
weak cross-reactivity with b-alanine and e-aminocaproic
acid. The GABAantibody was used in a working dilution of
1:22,000.

Specificity testing

For the specificity of the immunostaining additional
tests were performed: following the method described by
Ottersen and Storm-Mathisen (1984) and Storm-Mathisen
and Ottersen (1990), a macromolecular extract from rat
brain (M) was prepared and various amino acids very
similar to Gly or GABA, glutamate (Glu), glutamine (Gln),
taurine (Tau), cysteine (Cys), b-alanine (b-Ala), aspartate
(Asp), and serine (Ser), as well as Gly and GABA them-
selves, were conjugated to thesemacromolecules via glutar-
aldehyde. Gly and GABAwere also conjugated to BSA and
TH, the carrier proteins used to raise the antibodies.
Amino acid conjugates, uncoupled carrier proteins and
unfixed Gly and GABA were spotted onto nitrocellulose
filters (Schleicher & Schüll, Dassel, Germany, 0.45 µm) in
a volume of 0.2 µl and immunoincubated in parallel with
tissue sections (see below).
Figure 1 shows that the GABA antiserum identified the

GABA conjugates correctly but also cross-reacted with
b-Ala-G-M. The Gly antiserum reacted specifically with all
three Gly conjugates but also labeled the GABA-G-M spot.
Macromolecules treated with G were not immunoreactive.
Spots containing uncoupled Gly or GABA, Gly-G or
GABA-G, as well as carrier proteins alone or fixed to G,
showed no labeling whatsoever. Consequently, both anti-
sera were preabsorbed with the cross-reacting conjugates
12 hours prior to use, which completely abolished labeling
on the corresponding spots (see Fig. 1). In addition,
immunostaining on tissue sections was completely sup-
pressed by preabsorption of the Gly antiserum with Gly-
G-Mand theGABAantiserumwithGABA-G-M. Preabsorp-
tion with the carrier proteins alone (M, BSA, TH) or their
glutaraldehyde conjugates (G-M, G-BSA, G-TH) did not
influence subsequent immunostaining.
In addition, the staining patterns achieved with these

antisera were compared to those obtained by other investi-

gators (Wenthold et al., 1987; Ottersen et al., 1988; van
den Pol and Gorcs, 1988) who had used antisera of
different origins in brain areas (e.g., cerebellar cortex and
cochlear nuclei) intensely studied and characterized for
Gly and GABA immunoreactivity. Additional standard
controls such as the omission of primary antibodies and
the use of conjugated secondary antibodies derived from
other species than goat failed to indicate false localization
of the respective antigens.
Finally, consecutive semithin sections were alternately

incubated with the Gly antiserum described above (preab-
sorbed with GABA-G-M) and another Gly-antiserum (No.
290) kindly provided by Dr. O.P. Ottersen (Oslo; preab-
sorbed with b-Ala-G-M), which is one of the most exten-
sively used and characterized antisera against Gly. Figure
2 shows that both antisera labeled absolutely identical
subpopulations of neurons in the deep cerebellar nuclei.

Immunocytochemistry

Thick sections. Gly immunocytochemistry was per-
formed according to the avidin-biotin-method (Hsu and
Ree, 1980). Endogenous peroxidase activity was blocked
by using 10%methanol and 3% H2O2 in 0.01 M phosphate-
buffered saline (PBS) at pH 7.5 for 15 minutes. After
washing in distilled water and 0.05 M Tris-buffered saline
(TBS) at pH 7.6, preincubation with normal goat serum
(NGS) at 20%, Triton X-100 at 1% and (BSA) at 0.1%
followed for 30minutes to reduce nonspecific binding of the
primary antibody. Incubation of the Gly antibody, diluted
in TBS containing NGS (5%), Triton X-100 (0.3%) and BSA
(0.05%), was performed at 4°C overnight in a humid
chamber under gentle agitation. Control sections incu-
bated in the same solution but without the primary
antibody were always immunonegative. After rinsing in
TBS, incubation with biotinylated antibodies (goat anti-
rabbit, Dako) followed for 1 hour at a dilution of 1:200.
Sections were then washed again in TBS and subsequently
incubated in Strept-AB-complex (Dako, Hamburg, Ger-
many) for 30 minutes. After thorough washing in TBS, the
locations of the peroxidase enzymes were revealed after 5
minutes by 3,38 diaminobenzidine (Sigma) at 0.05% in TBS
containing 1% H2O2. Finally, sections were washed,
mounted, dehydrated and coverslipped as usual.
Semithin sections (0.5 mm). For the use of the physi-

cal disector and the detection of colocalization, alternate
sections mounted on different slides were processed for
Gly- and GABA immunocytochemistry respectively. Prior
to immunocytochemistry of Araldite-embedded semithin
sections, etchingwas performed by using saturated sodium-
ethanolate for 1 hour, according to the method of Lane and
Europa (1965). After this step, the sections were never
allowed to dry. Etching was followed by hydration and
subsequent immunoincubation by using the same protocol
as described above. For overnight incubation with the
primary antisera, the slides were placed upside down on
specially constructed incubation plates, modified from
Romijn et al. (1993). The biotinylated second antibodies
(Dako) were raised in goat and directed either against
rabbit (Gly) or mouse (GABA).

Data analysis

Stereology

DCN volume. The complete volume of the DCN was
determined in 10 cerebellar hemispheres of wild-types and
PCDmutants, respectively. Only those brains were quanti-
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fied from which no sections had been lost during the
foregoing procedures. Microscopy was carried out with a
103 objective. The profile of the DCN was drawn with the
aid of a camera lucida, subsequently traced on a digitizing
tablet (Kontron, Zeiss, Mini Mop) and finally the area was
computed. The volume was determined by multiplying the
area by 50 µm (section thickness).

Sampling. Systematic random sampling was per-
formed according to the equal opportunity rule (West,
1994), giving each part of the DCN the same chance of
being sampled. To fulfill this criterion, the complete vol-
ume of the DCN of three wild-types and three PCD
mutants was divided into three blocks in their rostrocau-
dal extension by sectioning slices in the coronal plane with

Fig. 1. Specificity testing of the g-amino butyric acid (GABA)- and
glycine (Gly)-antisera: possible cross-reacting amino acids were conju-
gated to rat brain macromolecules via glutaraldehyde and applied to
nitrocellulose filters in a volume of about 0.2 µl. The content of each
spot is indicated in A, E and I for the filters which were immunore-
acted for GABA (B, F, J) and inD, H and L for the filters incubated for
Gly immunocytochemistry (C, G, K). The first two vertical columns
(A–D and E–H) show the results obtained without preabsorption of the
primary antisera: the GABA antiserum produced strong specific
reactions with the GABAconjugates (B) and in addition weak staining
of the spot containing the b-alanine-conjugate, whereas the carrier
proteins and the GABAmolecule alone or in conjunction with glutaral-

dehyde (F) showed no staining at all. The Gly antiserum produced
specific reactions with the Gly conjugates (C), but additional labeling
was found at the spot containing the GABA conjugate, whereas
coupled or uncoupled Gly or carrier proteins were not labeled (G). The
third column (I–L) presents the immunoreactions after prior preabsorp-
tion of the GABAantiserumwith the b-alanine conjugate (J) and of the
Gly antiserum with the GABA conjugate (K). In both cases, cross-
reactions are abolished by preabsorption, whereas specific reactions
remain. Due to the difficulty of applying very small volumes of the
relatively thick suspensions, the sizes and intensities of the spots vary
somewhat. For abbreviations, see list.
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a Vibratome: a rostral third, a medial third and a caudal
third. These blocks were plastic embedded separately.
From each block, more than 200 semithin sections (0.5 µm)
were prepared and of these, seven equally spaced sections
were sampled for the disector analysis, sampling the first
section at random. To determine the appropriate distance
between the sections, cell sizes in the DCN were measured
in thick (50 µm) Vibratome sections immunoreacted for
GABA or Gly. As the smallest diameter of immunopositive
neurons was 8–9 µm, the distance between the semithin
sections was set at 3 µm (West et al., 1991).
Counting. Instead of using a counting frame, the com-

plete cross-sectional area of the DCN in a sampled section
was estimated. Although this is relatively time-consum-
ing, it does not require expensive technical equipment for

exact X-Y-stepping of the frame in the disector. In doing so,
the sampled area is massively increased, whereby for all
DCN areas an equal probability of being sampled is still
guaranteed. For this procedure, the complete cross-
sectional area of the DCN in the section under study was
delineated and all immunoreactive cells were drawn at
their appropriate positions by using a Zeiss microscope
(Axiophot) equipped with a camera lucida and a 633
objective (n.a. 5 1.4). The drawings of the sections were
placed one on top of the other, starting with the first
section, and only those cells were counted in the underly-
ing (look-up) section which were not included in the top
(reference) section. Subsequently, the analysis was per-
formed in the other direction by interchanging the roles of
reference and look-up section in the disector (Pakkenberg

Fig. 2. Comparison of the staining patterns produced by two
different Gly antisera on consecutive semithin sections. A: Polyclonal
rabbit anti-Gly (AB 131, Chemicon, Temecula, CA). B: Polyclonal
rabbit anti-Gly No. 290 (kindly provided by Dr. O.P. Ottersen, Oslo).

Note that the subpopulations of neurons labeled by the different
antisera are absolutely identical. Photographs are taken from the
fastigial nucleus of a Purkinje cell degeneration (PCD) mutant.
Section thickness 5 0.5 µm, Scale bar 5 32 µm in B, also applies to A.
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and Gundersen, 1988). This resulted in a mean of 66
counted Gly1 neurons per section and 106 counted GABA1

neurons, respectively. To calculate the volume sampling
fraction, the delineated area of the DCN of each sampled
section was measured with a digitizing tablet and multi-
plied by the disector height (3 µm). Finally, the total
number was estimated from the complete volume of the
DCN in wild-types and PCDmutants, determined previously.

Colocalization. The above sampling and counting
scheme was identical in the estimation of the total number
of Gly1 as well as of GABA1 neurons. However, all sampled
GABA-immunoreacted sections were directly consecutive
to the Gly-immunoreacted sections, thus enabling the
detection of colocalization of both amino acids. To deter-
mine the total number of neurons that colocalize Gly and
GABA, the drawings of these consecutive and alternately

Fig. 3. Distribution of glycine immunoreactivity in the deep cerebel-
lar nuclei (DCN) of normal wild-types (B6C3Fe). A–C show different
rostrocaudal levels of the DCN. The intensity of immunostaining in
the neuropil and the density of glycine-immunopositive somata,
predominantly small (,270 µm2), are relatively low in all three
subdivisions of the DCN. Immunoreactive cells are evenly distributed

in the interposed (INT) and dentate (DENT) nuclei but clearly more
concentrated in the ventrolateral portion of the fastigial nucleus
(FAST). Note in addition the larger size of some of these neurons in the
FAST, compared to the INT and DENT. Section thickness 5 50 µm,
Scale bar 5 200 µm in C, also applies to A, B.
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immunoincubated sections were again placed one on top of
the other, and only those neurons labeled by both antisera
and not included in the reference sections were counted.
Terminal size and density. Terminal size quantification

has been described in detail previously (Bäurle et al.,
1992). In brief, camera lucida drawings of more than 3,000
axosomatic terminals in the different regions of the DCN
were prepared, using 1003 phase contrast objectives. The
drawings were enlarged, the profiles of the boutons traced

on the digitizing tablet and the area computed. The areas
were subsequently sorted into categories with arbitrarily
chosen bin widths of 0.1 µm2. These measurements were
performed on semithin sections incubated for anti-Gly
from three wild-types and three PCD mutants. In each
animal, all Gly1 terminals of at least 10 neuronal profiles
in the DCN were quantified in this way.
Estimation of terminal density on semithin sections was

again achieved by the same physical disector analysis as

Fig. 4. Distribution of glycine immunoreactivity in the deep cerebel-
lar nuclei (DCN) of Purkinje cell degeneration (PCD) mutants. A–C
show different rostrocaudal levels of the DCN. The intensity of
immunostaining in the neuropil, as well as the density of glycine-
immunopositive somata, are massively increased in all three subdivi-
sions of the DCN compared to wild-types (see Fig. 3). Note that large
neurons in PCD, in contrast to wild-types, are not restricted to the

fastigial (FAST) nucleus but also appear in the interposed (INT) and
dentate (DENT) nuclei. Topographical differences in the density of
immunoreactive neurons in the FAST are far less obvious than in
wild-types. Note in addition the massively reduced dorsoventral
extension of the DCN in PCD mutants. Section thickness 5 50 µm;
Scale bar 5 200 µm in C, also applies to A, B.
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described above, with the exception that there was no
space between the disector pairs. Only those boutons
bordering directly on the soma of the respective target
neuron, the perimeter of which was measured, were
counted. Terminal density was determined from the rela-
tionship between number of terminals and surface area,
calculated from the perimeter and the disector height, of
the target neuron. Sampling of sections was performed as
described above and sampling of target neurons inside
these sections was at random in each of the three wild-
types and three PCDmutants.
Statistics. To test for significant differences in data

obtained from wild-types and PCD mutants, the Wilcoxon
test for independent samples (Mann-Whitney U) was
performed.

RESULTS

Deep nuclear volume

When comparing Figures 3 and 4, the markedly reduced
volume of the DCN in PCD mutants is easily seen.
Although quantitative data are available from previous
investigations, we reinvestigated this question in larger
samples of animals to obtain as valid a volume estimate as
possible. The mean DCN volume in five animals on both
sides of the brain is 0.397 mm3 (60.055 S.D.) in wild-types
and only 0.190 mm3 (60.018 S.D.) in PCD mutants,
namely 47.93% of that of wild-types. Consistent with
earlier investigations, we found that atrophy in PCD
predominantly affects the dorsoventral axis of the nuclei,
whereas the complete rostrocaudal length and the medio-
lateral width are only slightly affected. Between individual
animals considerable differences in the total volume are
present in both wild-types and mutants.

Distribution and total number of Gly1

somata in the deep cerebellar nuclei

Wild-types. In the DCN of normal mice, Gly1 cells are
predominantly small (,270 µm2; according to the terminol-
ogy of Chan-Palay, 1977), with the exception of a few larger
(.270 µm2) neurons in the fastigial nucleus (FAST; see
Fig. 3). Gly1 neuronal somata are found throughout all
three subdivisions of the DCN (see Fig. 3); however,
differences in cell density and in the distribution within
the FAST are present. As far as the complete nuclear area
is concerned, the highest density of somata is found in the
interposed nucleus (INT) and the lowest in the FAST, the
dentate nucleus (DENT) lying in between. Although the
distribution of immunopositive somata is relatively homog-
enous in the INT and DENT, clear topographical differ-
ences are seen in the FAST: dorsomedial parts show very
few Gly1 somata but in the ventrolateral portion, the
density of immunoreactive neurons even exceeds those of
the INT and DENT. In some sections, these neurons seem
to be arranged in columns that converge towards the
ventromedial aspect of the FAST. The mean total number
of Gly1 somata in the DCN is 8,582 (61,099 S.D.; see
Table 1).
PCDmutants. In PCDmutants, the overall topographi-

cal distribution of Gly1 somata in the DCN (see Fig. 4) is
almost identical to that found in wild-types, with the
exception of the FAST in which immunopositive cellular
profiles also appear in the dorsomedial aspect of the
nucleus in numbers comparable to the other nuclear areas.

The vast majority of Gly1 somata are again smaller (up to
270 µm2) but in PCD more of the larger cells are visible in
the FAST, and in contrast to the wild-type these also
appear in the INT and DENT.
When compared to the wild-type, a massive increase in

the density of PCD cellular profiles per nuclear area in all
three cerebellar nuclei is visible (see Figs. 3 and 4 and
Table 1). The mean total number of Gly1 somata is 14,637
(61,255 S.D.; see Table 1), which constitutes a highly
significant increase of 70.5% (P 5 0.00004).

Total number of GABA1 somata

In sections immunostained for GABA at the level of the
DCN, the relative density of GABA1 neurons seems, at
first glance, to be increased in PCDmutants in comparison
to the wild-types (see Fig. 5). However, taking into account
the reduced volume of the DCN in PCD mutants, the total
number of GABA1 cells does not differ significantly
(P 5 0.43) between wild-types (16,713 6 2,797 S.D.) and
mutants (15,339 6 3,197 S.D.; see Table 1), but they are
more densely packed in the shrunken DCN of PCD mu-
tants.

Somatal colocalization of glycine and GABA

Wild-types. In consecutive semithin sections alter-
nately processed for Gly- or GABA immunocytochemistry
(see Fig. 6), 46.3% of all Gly1 somata also colocalize GABA
(see Table 1), whereas only 23.7% of GABA1 somata also
show Gly immunoreactivity. The total number of double-
labeled neurons is 3,976 (6616 S.D.). The values given in
Table 1 show in addition that the GABA1 population is
nearly twice the Gly1 in wild-types.
In general, colocalization of both substances is found

predominantly in small neurons. The degree of colocaliza-
tion is relatively similar among the different cerebellar
nuclei, but again the FAST provides an exception: the
largest Gly1 somata inwild-types are found in this nucleus.
As GABA1 somata are almost exclusively small, the
percentage of double-labeled cells is lower in the FAST
than in the INT or DENT.

TABLE 1. Total Number of Glycine-, GABA- and Double-Labeled
Neuronal Somata in the Deep Cerebellar Nuclei of Wild-Types (B6C3Fe)

and Purkinje Cell Degeneration Mutants1

Gly1 GABA1 Double

n S.D. CE n S.D. CE n S.D. CE

Wild-types
A 8,754 (63,875) 0.17 16,241 (62,980) 0.09 4,504 (61,068) 0.08
B 7,407 (61,599) 0.08 14,182 (61,414) 0.05 4,125 (61,435) 0.13
C 9,585 (62,293) 0.08 19,717 (65,568) 0.14 3,299 (6698) 0.07

Mean 8,582 (61,099) 0.11 16,713 (62,797) 0.09 3,976 (6616) 0.09
PCD mutants
I 13,826 (66,324) 0.16 14,893 (62,694) 0.09 3,009 (61,606) 0.18
II 14,002 (63,485) 0.14 18,736 (62,751) 0.07 4,239 (61,924) 0.15
III 16,083 (62,684) 0.08 12,388 (63,084) 0.13 4,335 (61,048) 0.09

Mean 14,637 (61,255) 0.12 15,339 (63,197) 0.09 3,861 (6739) 0.14

1Comparison of the total number of glycine-, g aminobutyric acid (GABA)- and
double-immunostained neurons in the deep cerebellar nuclei (DCN) of wild-types and
Purkinje cell degeneration (PCD) mutants. Values are given as means (n) with standard
deviations (S.D.) in parenthesis. The coefficients of error (CE 5 S.E.M./individual
mean) are indicated. The total number of glycine positive (Gly1) neurons in the DCN is
increased in PCD mutants by 70.5% (P 5 0.00004). Coefficient of variance (CV;
CV 5 S.D./group mean) is 0.12 in wild-types and 0.08 in PCD mutants. The total
number of GABA1 neurons does not differ in wild-types and PCD mutants (P 5 0.43;
CV 5 0.16 in wild-types and 0.20 in PCDmutants). Note that in wild-types, the GABA1

population is almost twice that of Gly1, whereas in PCD mutants, the number of Gly1

neurons is close to that of GABA1. The total number of neurons that colocalize both
amino acids also does not differ between wild-types and PCD mutants (P 5 0.45;
CV 5 0.15 in wild-types and 0.19 in PCDmutants).
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PCD mutants. As described above, the Gly1 popula-
tion in PCD mutants is significantly increased, whereas
the number of GABA1 somata is almost unchanged. From
these data, a shift in the degree of colocalization would be
expected. Table 1 shows that indeed only 26.3% of Gly1

somata colocalize GABA. In contrast, GABA1 cells that
also display Gly immunoreactivity remain relatively stable
at 25.1%. The total number of double-labeled neurons is
3,861 (6739 S.D.) in PCD mutants, which is not signifi-
cantly different from the wild-types (P 5 0.45).

Size and density of Gly1 terminals

Wild-types. In wild-types, axosomatic Gly1 terminals
are almost exclusively of the smaller category (up to 1 µm2;
see Fig. 7). Size quantification of these boutons (see Fig. 8)
shows a maximum size of 0.6 µm2 and a distribution peak
between 0.1 and 0.2 µm2.
The number of Gly1 terminals contacting DCN neuronal

somata is relatively low (see Fig. 7). The mean density of
Gly1 terminals is 9.44 (60.96 S.D.)/100 µm2 of the surface
area of the target neurons (mean coefficient of error
[CE] 5 0.07; coefficient of variance [CV] 5 0.10).
PCD mutants. In PCD mutants, in contrast, the size

and number of Gly1 terminals is increased (see Figs. 7 and
8). The size distribution shows a significant shift to the

larger scale (P , 0.0005): maximum terminal size is 1.2
µm2, which is twice that of wild-types (see Fig. 8).Although
the distribution peaks again between 0.1 and 0.2 µm2, the
majority of terminals in PCD are above that size. In
addition, terminal density is at 17.9 (63.81 S.D.)/100 µm2,
which represents a 89.6% increase compared to the wild-
types (P 5 0.005; mean CE 5 0.14; CV 5 0.16).

Colocalization of Gly and GABA in terminals

Figure 9 shows that colocalization of Gly and GABA is
found not only in many cell bodies of the DCN but also in
terminals contacting neurons in this nuclear complex.
Double-labeled axosomatic terminals are found in all three
subdivisions of wild-types as well as PCDmutants.

DISCUSSION

In this study, the presence, distribution and number of
Gly1 neurons and terminals in the DCN of normal wild-
types and the impact of a complete Purkinje cell loss on
this neuronal population are characterized immunocyto-
chemically. In PCDmutants, a considerable increase in the
number of Gly1 somata and terminals and an enlargement
of Gly1 terminals was found. In contrast, the number of
GABA1 somata in PCD remains stable.

Fig. 5. GABA-immunoreacted sections (50 µm) from a wild-type
(A) and a Purkinje cell degeneration (PCD) mutant (B) at the level of
the deep cerebellar nuclei (DCN). In thewild-type, GABA-immunoposi-
tive neurons are relatively frequent. In the Purkinje cell degeneration
mutant, the density of GABA1 neurons exceeds that of wild-types, but

considering the reduced volume of the DCN in this mutant, the density
corrected for shrinkage is almost the same. FAST, fastigial nucleus;
INT, interposed nucleus; DENT, dentate nucleus. Scale bar 5 200 µm
in B, also applies to A.
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A comparative quantitative assessment of the neuronal
and terminal density in the DCN of wild-types and PCD
mutants requires the consideration of two important fac-
tors: firstly, in PCDmutants a transsynaptic nerve cell loss
of 21% and a neuronal atrophy of 14% in diameter in the
DCN, as well as a 49% degeneration of olivary neurons,
cause a significant reduction in the complete volume of
the DCN (Ghetti et al., 1987; Triarhou and Ghetti, 1991).

This shrinkage was determined to be 58% by Wassef et
al. (1986) and 49% by Triarhou et al. (1987). Our own
measurements resulted in a volumetric decrease of 51%,
which is in fairly good agreement when considering
the large differences between individual animals and
the fact that different wild-type strains were used. Taking
into account this DCN volume reduction, the increase
in the total number of Gly1 somata in PCDmutants is 70.5%.

Fig. 6. Colocalization of glycine and GABA in the three subdivi-
sions of the deep cerebellar nuclei. Arrowheads indicate double-
labeled neurons and arrows show single-labeled cells. For better
orientation, identical blood vessels in consecutive sections are marked

with stars. In these examples, A and B are taken from the fastigial
nucleus of a wild-type,C andD as well as E and F from the interposed
and dentate nuclei of PCD mutants, respectively. For quantitative
data, see Table 1. Scale bar 5 32 µm in F, also applies to A–E.
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Secondly, the neuronal atrophy in the DCN of PCD
mutants could lead to an overestimation of the density of
Gly1 terminals in PCD but a 14% decrease in neuronal
diameter (Triarhou et al., 1987) cannot solely explain the

89.6% increase in terminal density found in the present
study.
Another important point is that the existence of Gly in

neurons, taken alone, does not necessarily imply a trans-

Fig. 7. Size and density of glycine-immunopositive (Gly1) fibers
and terminals in the deep cerebellar nuclei (DCN) of wild-types
(B6C3Fe) and Purkinje cell degeneration mutants (PCD). Photo-
graphs are taken from simultaneously immunoincubated semithin
sections of the interposed nucleus from a wild-type (A) and a Purkinje

cell degeneration mutant (B) as an example; however, in all three
subdivisions of the DCN, the size and density of Gly1 boutons
(arrowheads) impinging on neuronal somata are clearly increased.
Scale bar 5 20 µm in B, also applies to A.
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mitter role for Gly in these cells, as this small amino acid is
known to subserve many metabolic functions besides
acting as an inhibitory transmitter (Werman and Aprison,
1966; Werman et al., 1967; Aprison et al., 1968, 1975;
Curtis and Johnston, 1974; Young and McDonald 1983;
Young, 1984). Proof of a transmitter function of Gly in the
DCN is not supplied until the criteria for neurotransmitter
identification (Werman, 1966; Aprison and Werman, 1968;
Phillis, 1970) have been met, but this is far beyond the
scope of the present report. However, from previous stud-
ies it has been suggested that the level of Gly essential for
maintaining nontransmitter functions is substantially be-
low that found in glycinergic neurons (Werman and
Aprison, 1966; Curtis and Johnston, 1974; Aprison et al.,
1975) and that this low level is fairly uniform in different
neuronal populations (Wenthold et al., 1987). In the DCN,
only a particular subset of neurons is immunopositive
while others remain virtually unstained. Moreover, the
presence of Gly in terminals and the simultaneous in-
crease in Gly1 somata and terminals found in PCD
mutants also support the assumption of a transmitter role
for Gly in the DCN.
The complete number of these Gly1 neurons is approxi-

mately half that of the well-known GABAergic cell popula-
tion in the DCN (Oertel et al., 1982; Nelson et al., 1984;
Wassef et al., 1986). However, the Gly1 and the GABA1

populations do not constitute completely separate groups
of neurons but consist of a considerable number of neurons
that colocalize both amino acids. Morphologically these
double-labeled cells can be assigned almost completely to
smaller neurons in the DCN (Saccozzi, 1887; Chan-Palay,
1977). Larger Gly1 cells are in most cases GABA-negative
and, in wild-types, located exclusively in the FAST. Soma-
tal colocalization of Gly and GABA has been frequently

found in other areas of the brain and spinal cord (Wenthold
et al., 1987; Yazulla and Yang, 1988; Yingcharoen et al.,
1989; Osen et al., 1990; Walberg et al., 1990; Kolston et al.,
1992; Reichenberger et al., 1993; Taal and Holstege, 1994),
and the presence of both substances in synaptic terminals
as well (Wenthold et al., 1987; Ottersen et al., 1988;
Walberg et al., 1990; Kolston et al., 1992; Reichenberger et
al., 1993; Taal and Holstege, 1994) has prompted the idea
of a possible corelease of Gly and GABA (Ottersen et al.,
1988). GABA has been shown in fact to be capable of
allostericallymodulating the Gly receptor (Werman, 1980).
The density of Gly1 terminals found in the DCN of
wild-types is clearly below that of non-PC GABAergic
terminals in the DCN (Wassef et al., 1986; Bäurle et al.,
1992 and unpublished observations), and here again bou-
tons that colocalize Gly and GABA occur frequently. From
the morphological data in wild-types alone, the origin of
these Gly1 terminals in the DCN is unclear, but the
massive and concomitant increase in Gly1 somata and
terminals in the DCN of PCD mutants argues once more
for the source of these terminals, at least in part, in
intrinsic Gly1 neurons. Little is known about extrinsic
sources of Gly1 terminals in the DCN, but some of them
could represent endings of primary vestibular afferents, as
a subgroup of neurons in Scarpa’s ganglion show Gly
immunoreactivity (Reichenberger and Dieringer, 1994)
and the path of the corresponding fibres seen in our
material includes parts of the DCN (unpublished observa-
tions).
In contrast to the low number of Gly1 terminals in the

DCN of normal animals, the GABAergic innervation is
extremely dense (Fonnum et al., 1970; Roffler-Tarlov et al.,
1979; Bäurle and Grüsser-Cornehls, 1994b). In intact
animals, all DCN neurons are tightly packed with Pur-
kinje cell terminals (Fonnum and Walberg, 1973; Chan-
Palay, 1977; Wassef et al., 1986; Bäurle and Grüsser-
Cornehls, 1994b), exerting a tonic inhibitory influence (Ito,
1984) on these cells. In PCD mutants, virtually all PCs
degenerate (Mullen et al., 1976; Wassef et al., 1986) after
an essentially normal cerebellar development and a regu-
lar acquisition of the corticofugal connections (Landis and
Mullen, 1978). This is accompanied by comparatively mild
motor disturbances (Mullen et al., 1976; Roffler-Tarlov et
al., 1979) characteristic of the PCD mutant. The loss of PC
input to the DCN actually extricates all target neurons
from inhibition and should therefore cause enhanced
neuronal activity. However, not only excitatory but also
inhibitory GABAergic and Gly1 neurons are liberated from
inhibition. As both are presumed sources of intrinsic
terminations, the new level of excitation in the PC-
deprived DCN should be dependent to a certain degree on
the efficacy and dynamic properties of these intranuclear
inhibitory neurons. Previous investigations on the content
of GABAshowed that once reduced to 50%, due to PC input
loss, the level of GABA remains stable thereafter in the
DCN of PCD (Roffler-Tarlov et al., 1979). This suggests
that the inhibitory power of the non-PC GABAergic inner-
vation is not grossly upregulated in response to PC loss. In
addition, although not quantified, the number of GABAer-
gic neurons does not seem to be increased in the DCN of
PCD (Roffler-Tarlov et al., 1979; Wassef et al., 1986). The
quantitative data on the number of GABA1 neurons
presented here do indeed corroborate this impression. In
contrast, quantitative Gly immunocytochemistry in PCD
mutants shows that the total number of Gly1 neurons and

Fig. 8. Size distributions of glycine-immunopositive terminals
impinging on neurons of the deep cerebellar nuclei, quantified from
semithin sections of wild-types (B6C3Fe) and Purkinje cell degenera-
tion (PCD) mutants. In wild-types, the maximum terminal size is 0.6
µm2, whereas in PCDmutants, the largest terminals reach areas twice
that size. Although both distributions peak between 0.1 and 0.2 µm2,
the majority of terminals in wild-types are below and in PCD mutants
above that size. Differences between the distributions are highly
significant (P , 0.0005).
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the density of Gly1 terminals is impressively increased in
the DCN. This strongly suggests a largely one-sided
upregulation of Gly in the DCN of PCD. Moreover, from
the different degrees of colocalization in wild-types and
mutants, it is conclusive that a predominantly non-
GABAergic population of neurons increases its somatal

Gly, leading to a decrease in the percentage of Gly1 somata
that colocalize GABA in PCD versus wild-types. Moreover,
the identical density of GABA1 neurons found in wild-
types and PCD mutants suggests that the transsynaptic
degeneration of neurons (Triarhou et al., 1987) only seems
to affect the GABAergic population very mildly, if at all.

Fig. 9. Colocalization of glycine (A) and GABA (B) in terminals of the deep cerebellar nuclei.
Arrowheads point to some of the terminals that colocalize both amino acids. Photomicrographs are taken
from consecutive semithin sections of the interposed nucleus of a wild-type. Scale bar 5 20 µm in B, also
applies to A.
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The mildness of the motor disturbances in PCDmutants
compared to other cerebellar affected mutants is highly
indicative of compensatory reactions in PCD mutants
(Mullen et al., 1976; Roffler-Tarlov et al., 1979). Reorgani-
zation of intranuclear inhibition in the DCN, as suggested
by the present results, could influence the motor perfor-
mance. In fact, electrophysiology in the vestibular nuclei of
PCD mutants, the second direct target of PC projection,
has shown that despite the loss of Purkinje cell inhibition,
the neuronal activity in these nuclei is not elevated
(Helmchen et al., 1985; Grüsser-Cornehls, 1988). More-
over, recent colocalization studies showed that the expres-
sion of the Ca21-binding protein parvalbumin (Celio and
Heizman, 1981), which is assumed to correlate with the
physiological activity of neurons (Celio, 1984; Heizman,
1988; Kamphuis et al., 1989; Tsuzuki et al., 1989, Celio,
1990), is distinctly increased in the DCN and vestibular
nuclei of PCDmutants, predominantly in Gly1 andGABA1

neurons (Bäurle and Grüsser-Cornehls, 1994a, 1995). In
another cerebellar mutant with poor motor performance,
the Weaver mutant, neuronal activity is at a higher level
than in PCD mutants and parvalbumin is not increased in
the DCN and vestibular nuclei. However, after cerebellar
cortical ablations in Weaver, an improvement in motor
performance is observable as well as an increased density
of parvalbumin1 neurons in the denervated areas (Grüsser-
Cornehls, 1988, 1995; Grüsser and Grüsser-Cornehls,
1992; Grüsser et al., 1995). Moreover, it is apparent from
other cerebellar mutants (lurcher, leaner, staggerer, ner-
vous) and partial cerebellar ablation in wild-types that
parvalbumin only increases in the areas that have been
denervated to a very high degree by the PC loss (Grüsser et
al., 1995; Hoshi et al., 1996).
All these fragments point to the possibility that the

almost complete loss of PCs in the entire cerebellum or in a
circumscribed area of the cerebellar cortex evokes reac-
tions in the DCN and vestibular nuclei that are more
supportive of a beneficial motor compensation than incom-
plete removal of PC input in these areas. An elevation of
intranuclear inhibition by an upregulation of Gly in re-
sponse to severe PC input loss could represent such a
reaction and also be a partial explanation for the differ-
ences in severity of motor disturbances among the various
cerebellar mutants.
In summary, the present results define the distribution

of Gly in the DCN of normal mice and provide a basis for
further comparative studies in other species and under
experimental or pathological conditions. The Purkinje
cell-deprived condition in PCD mutants uncovers dynamic
properties and a sensitivity of Gly1 neurons to Purkinje
cell input loss, leading to a redistribution of Gly in the
DCN. The significance of these dynamic reactive mecha-
nisms at the level of intranuclear inhibition in relation to
the severeness of the motor disability is disclosed to some
extent, but further investigations are needed to gain more
insight.
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